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FOREWORD

This Handbook is a revision of the Tetiemetry Transducer
Handbook originally prepared by Radiation Incorporated under "
U. S. Air Force Contract No. AF 33(616)-7466.* The updating
and expansion effort has been performed under U. S. Air Force
Contract No. ALF 33•616)-8309, for the Aeronautical Systems
Division, Air Force Systems Command. The Air Force Project
and Task numbers are 4107 and 410719, respectively. The work
was performed under cognizance o' the Flight Control Laboratory
ASRMC -42 and the Air Force Project Engineer, Mr. Paul
Polishuk.

The draft of the original handbook was prepared during
the seven-month period of 30 June 1960 to 31 January 1961.
Changes and final preparation of the reproducible copy were per-
formed during the period 20 March to 28 April 1961 and delivered
to the Air Force in May 1961 for printing and distribution.

It was recognized that the Handbook could be improved and
rmaintained current by continued efforts. Work was started in
May 1961 to update and expand the Handbook by revising Volume I

and adding supplement material to Volume II.

Volume I Revision contains a completely rewritten
Section I, Telemetry Systems, resulting from a review of the t
original- Section I by Dr. L. L. Rauch and the rewriting by Mr.

Dan McRae. Both are associated with the Advanced Planning
Group at Radiation Incorporated. Material was added to Section II,
Fundamentals to include acceleration, temperature, vibration, thrust

and bio-instrumentation. Section III, Applications, was expanded
7wth information on satellite and space probe instrumentation.

Section IV on Transducer Calibration and Test Techniques has

additional data on particular test and calibration methods as sug- -- -
gested from manufacturers bulletins and NBS reports. A list of
NBS reports and other references are given pertaining to detailed
evaluation procedures. It has been difficult to obtain handbook
type data to present standardized methods of approach in this area.

Facilities available for instrument calibration and test are listed
in Section V as received from solicited organizations. A numerical

* This revision supersedes Volume I of WADD-TP-O61-67 dated July 1961.
"**Presently designated Flight Control Division of the AF Flight Dynamics

Laboratory.
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listing of references is included in Section VI and a compre--
hensive Bibliography with indexing constitute Section VII.
Section VIII, Appendixes, contains miscellaneous material,
details, and derivations pertaining to material in Sections I,
II, III, and IV. .O

The updating and expansion of Volume II of the handbook
have been accomplished through the preparation of three separate
supplements, presenting new material for insertion in the orig-
inal Volume II. Supplement 1 contained 100 additional transducer
data qheets, a revised manufacturer's listing and additional
transducer research and development information. The final
reproducible copy of Supplement 1 was deli,,ered to the Air

Force in December 1961. A second supp!ement was completed
and dclivred to the Air Force in March l%;,2 containing 99 addi-
tional data sheets, revised manufacturerts iisting and further '
R & D listings, plus an index to the origU±1:J Volume II and
Supplement I data sheets. Supplement 3 i" being delivered at
the same time as the completed revision c. Volume I, in
May 1962.

Writing, compilation, and editing of the original Volume I
was performed by C. 0. Alford, L. P. l auer, J. T. Conklin,
R. H. Dimond, G. D. Falcon, 1-. C. va-, L. F. O'Kelley and

- (- Thnpon-e The 1i,11, bu of- the t -r.vas done by Mrs. Jate - -
Thomas. Art work and other preparation of reproducible copy
was done by R. K. Hoefler, E, H. K-url*baus, L. C. Newman,
and R. A. Norris. The major portion of proof reading was per-
formed by 3. L. Adams. L. F. 0' Kelley was the Project Engineer.

The revision of the handbook has been performed in the
Data Systems Division at Radiation Incorporated by Mr. H. F.

Fisher, Jr., Project Engineer. Mrs. R. E. French and Miss
Donna Valentine have been responsible for the typing, handling
Of Correspotndence,, ai, i-aintaniif...g V .ecoiudus anu files pertaining
to the Handbook revision. The art work and preparation of
reproducible material and draft copies have been done by Mr.

G. E. Roberts and the publications department at Radiation.

Neither Radiation Incorporated nor the U. S. Government
in any way endorses the products or services described in this
Handbook, or condemn any such that are omitted. In addition
the expression of opinions, implied or otherwise, contained
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herein, are not necessarily those of Radiation Incorporated
or the U. S. Governmcnt.
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in this endeavor by submitting data, photographs and drawings

pertaining to transducer fundamentals, testing and calibration

facilities, research and development programs, and the catalog

of transducers.
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ABSTRACT 
4

As / result of studies conducted by tl/e Air Force a/d d
the/s it became apparent tt~t there was /need for / compre-
ensive collection of data on telemetry transducers. Tie'

Telemetry Transducer Handbook h/s bedn prepared in at effort
to present information and data useful to t4 transducer user.
Tte material ht/s bedn prepared in two volumcs with general

instrumentation information in Volume I and detailed transducer
specification data in Volume II.

Volume I consists of technical information on telemetry
systems, transducer fundamentals, applications, testing and
calibration techniques and facilities. Volume II consists of /
listing of transducer manufacturers, complete data (with photo-
graphs and outline drawings) on several hundred transducers

(over 700 with Supplements 1, 2, and 3), descriptions of transducer ..
research and development programs and an index to the instrument
data sheets.

Section T of Volume I discusses in detail the characteristics
of the transmission system and its relation to transducers and
telemetry systems. References I through 119 pertain to Section I

discussion offering a guide to more specialized investigation of
the many aspects of telemetry systems. Section II covers the

/'fundamentals involved in various physical measurements and how

these fundamentals are employed in the general design of transducers.
Measurements of displacement, strain, pressure, fluid flow, rotary
speed, fuel quantity, ac power, acceleration, temperature, shock
and vibration and thrust are discussed. Section III offers general,
information and examples in the application of telemetry transducers.
Testing and calibration techniques and facilities available are prezeni-
ed in Sections IV and V. A list of performance reports available

from NBS offers some evaluation information on telemetry transducers.
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The List of References, Section VI, groups all references.44cited in Sections I - V in the numerical order of their appearance ;"

in the text. An extensive bibliography is presented in Section VII.

There are 835 listings. An index to the bibliography is also included. . "

Appendix material is included in Section VIII. There is a glossary

of terms, IRIG Telemetry Standards definitions of many basic

physical effects and principles related to transducer design, and

detailed data on acceleration, temperature and thrust measurement

fundamentals.

The Table of Contents in Volume I also includes Volume II Con-

tents. This includes all material in the original Volume II plus

Supplements 1, Z, and 3.

PUBLICATION REVIEW

The publication of this report does not constitute approval by

the Air Force of the findings or conclusions contained herein. It

is published only for the exchange and stimulation of ideas. 2

FOR 'THE COMMANDER: " .

ii. W. BASHAM

Chief, Control Elements
Research Branch

2-4 Flight Control Laboratory
.'o Directorate of Aeromechian~cs"
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SECTION I

TELEMETRY SYSTEMS

1-1 INTRODUCTION

Trhe word "telemeter" is derived from the Greek words
"Ttele" which means "far" and "metron" which means "measure."

Thus telemetry is the art of measuring from afar. 9

Although almost any measurement apparatus or communi-

cation system might be called a telemetry system dependent upon
ones interpretation of "measure" and "far," this section is concerned
principally with telemetry systems used to monitor parameters
associated with aircraft, missiles, and space vehicles. At least
to date, the bulk of the output of the telemetering industry in the
United States is used in this connection. Industrial applications such
as remote monitoring by electrical utility and oil companies and other
scientific applications such as oceanography, hydrography, and
physiological measurements will be discussed briefly.

The telemetry system can be divided functionally into
three parts. (Figure 1-1) These are:

I) The transducers - which are located at the remote
station and transform the physical quantities to
be monitored into electrical signals.

2) The transmission system -which consists of:
a device for transforming the electrical signals
from the transducers into one suitable for trans- '
mission to the receiving station (remote processor);
the transmission and receiving devices; and device
for transforming the output of the receiver to
forms suitable for display and interpretation (receiving La
processor).

3) The display and interpretation system - which consists
of the devices which calculate the desired parameter
and display them for final interpretation by automatic
or human means.

Manuscript released by author May 1962 for publication as a WADD
Technical Report.
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In the broadest (and most realistic) sense, the purpose
of the telemetry system is to provide data in such a form that
the interpretation of this data will lead to correct decisions con-
cerning the remote quantities or devices which are monitored. .
Therefore, the transducer must be considered by the systems
engineer as a part of the telemetry system. Of equal importance, .

the transmission system must be considered by the measurement -.-

engineer as a part of the measurement device. For this reason
the first section of the "Telemetry Transducer Handbook"
will be devoted to a general discussion of the transmission sys-
tern and its relationship to the over-all measurement problem.

1-2 SELECTION OF TRANSMISSION SYSTEM CHARACTERISTICS

As was stated in the preceding paragraph, the purpose of -
a telemetry system is to monitor remote occurrences so that correct
decisions can be made concerning the physical quantities or devices
associated with those occurrences. The variety of measurement
problems, however, have thus far precluded attempts to relate in
a general sense the characteristics of the transmission system
with the ability to make correct decisions. Therefore, the selection
of transmission systemn characteristics has usually been divided
into two steps:

1) Selection of the measurements and transducers;
and evaluation of the characteristics of the data
which may be expected from the transducers and

the accuracy which must be maintained by the
transmission system.

2) Selection of the transmission system characteristics
based upon cost in terms of power consumption,
spectral occupancy, size, weight, reliability and
dollars. These are functions of the data charac-
teristics and accuracies raquired.

As can be imagined, both of the two steps mentioned
above are quite complex involving many considerations which are
special to the particular use envisioned for the telemetry system.
Therefore, a single all erncompassing equation is not available
which allows satisfactory determination of system parameters in a
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completely straightforward fashion. Rather, the system parameters
must be chosen on the basis of the theoretical relationships between
system parameters which are available to the chooser, upon his
knowledge of available hardware, and upon his past experience,
after thorough consideration has been given to the purpose of the
over-all telemetry system. This is true whether the system en-
visioned is to be specialized or "general purpose" since the two
differ only in degree of specialization.

There has been much analysis done in the area of relating S

the required transmitter power, the spectral occupancy, the
transmission system characteristics (including type of transmission
system and adjustment of internal parameters within the system)
and the accuracy required of the data (Ref. 1 through 60 ).

For the most part the analses have been based upon idealistic
assumptions of the data characteristics (data with spectral
characteristics corresponding to band limited white noise). Ideal-
ized filter characteristics have also been assumed in many of the
analyses. Although these analyses have necessarily made approx-
imations they represent an important tool to system designers
since they deal with some of the most definitive and complex
relationships involved in selection of system parameters.

It is not feasible to present transmission system analysis -
in this section since they belong more properly in a book on the .•
subject. Instead, a discussion of the different techniques available
to the telemetry user will be presented. This will be done in two
steps. The first part will describe the pr-inciple of operation of
the various techniques and discuss from a general point of view
the principal considerations involved in the use of each technique.
The second part will discuss specific cases of past applications
of the techriques. Throughout, an attempt has been made to include

sufficient references so that the reader with more specialized
interest can investigate his problem in greater depth if he so des,•src.
Due to the large number of references used in this section the ref-
erences are collected and listed numerically in Section V1.

1-3 TRANSMISSION SYSTEM FUNDAMENTALS

a. Multiplexing

In most telemetry applications, it is desired to perform
a number of different measurements. Although, a separate trans-
mission link could be used for each measurement, the problem-s of
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cost in terms of power, spectral occupancy, weight, size and

dollars normally precludes this possibility. Therefore, it
is common to send many measurements over a single transmission

link. This process is called multiplexing.

There are two types of multiplexing in common

use today. These are:

1) Frequency division multiplexing

2) Time-division multiplexing

These techniques will be discussed in more detail below.

b. Frequency Division Multiplexin 14

The basic operation of a frequency division multiplex
system is illustrated in Figure 1-2. The measurement signals

from the transducers are used to modulate "subcarrier" oscillators

tuned to different frequencies. The outputs of the subcarrier _

oscillators are then linearly summed in voltage and the resulting
composite signal used to modulate the prime transmitter. At the
receiving site the composite signal is obtained from thc receiver
demodulator and fed to a number of band-pass filters which are

tuned to the center frequencies of the subcarrier oscillators. The
outputs of these filters are then demodulated to obtain the individual

measurement signals. Thus in frequency division multiplex sys-

terns, the individual measurements are transmitted in such a form

that they occupy different regions of the video or baseband frequency

spectrum.

All types of modulation can be used for both the subcarrier

oscillators and the prime carrier; that is: frequency modulation -.

(FM), phase modulation (PM), amplitude modulation (AM), suppressed - -

carrier amplitude modulation (SC) and single sideband amplitude
modulation (SS). Frequency division multiplex systems are normally
designated by listing the type of modulation used for the subcarriers
followed by the type of modulation used for the prime carrier. Thus
FM/AM would indicate a frequency division multiplex system in
which the subcarriers are frequency modulated by the measurement
and the prime carrier ii amplitude modulated by the composite _
subcarrier signals. Almost all combinations of sub- and prime-
carrier modulation techniques have been used in the past. However,

WADD TR 61-67 5
VOL I REV I -

%-%

fg • • j r - j ' • , . " . ; .'- , ' %. -. -* ,% ' * .- . - -% .- . %. - -~ * )q. - " " - . - ' - i , - - ' . - • ' " . - - , . , . --- .. . ... * -_ -- '



SUB-CARRIER BAN DPASS SUB-CARRIER -*.~TRANSDUCER OSCILLATORS FI LTERS DEMODULATORS

OUTPUTS F

:SUMME:R XMR RVRf

NN

Figure 1 -2 1'reque-ncy Division Multiplexed System

WADD TR 61-67 6
VOL I REVi1

q~~ 
-~-



FM/FM is by far the most common technique in use today.

The principal sources of errors in a frequency division 0
multiplex transmission system are:

I) Drifts

2) Bandlimiting "

3) Cross Talk

4) Distortion

5) RF Link Noise

The most objectionable drifts are those associated
with modulation and demodulation of the subcarriers. If the drifts
are slow their effect can be greatly diminished by use of calibration
signals. The errors due to drifts are not fundamental to the system
and hence their magnitude depends upon the ability of the circuit
designer. For the purposes of this report errors of this type will
be called systematic errors.

Errors due to bandlimiting occur throughout Vth systemn
wherever the data is dynamic in nature (as is all data except the
trivial case of dc). The amount of error caused by bandlimiting
is a direct function of the spectral characteristics of the data and
the amount of spectrum which is to be allocated to the telemetry
system. Hence, this type of error is fundamental to the system
in that for a fixed type of data (non-ideal) and spectrum allocation
(finite) the error cannot be eliminated regardless of the circuit
design. The errors due to bandlimiting are most severe when the
bandlimiting takes place directly on the data; that is: prior to
modulation or after demodulation of the subcarrier. Bandiimiting
of the modulated subcarrier signals either in the subcarrier
oscillators or in the band-pass filters at the receiving station
also can cause objectionable error unless care is taken. The
bandlimiting of the modulated prime carrier in the transmitter or
receiver i-f is of less bother but cannot be ignored completely. In
practical systems the bandlimiting errors may be at least as dependent
on the phase linearity of the filters involved as they are on amplitude
roll -off.

r --
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Gross-talk errors in frequency decision multiplex
systems are of two varieties, one which is systemnatic and one
which is fundamental. The first of these is caused by non- :
linearities in the summing amplifier prior to the transmitter
or in the modulation or demodulation process of the prime
carrier. Non-linearities at these points in the system cause
production of frequency components in the video or base-
band spectrum that would not otherwise be present. If these
additional components lie in a frequency range which is passed
by the band-pass filters at the receiving station, they will appear
at the outputs of those channels as errors. Since in theory no

limit exists on the linearity which can be achieved, these errors-
are systematic. The second type of cross-talk errors are those

due to overlap in the baseband spectral content of the information
channels. Since non-idealistic data spectra contain tails which
die off but do not go to zero, there will always be some overlap
which passes through band-pass filters adjacent in frequency and
causes error in those channels. The amount of error from this
source is dependent upon the frequency spacing between the sub-

carrier channels and the nature of the data and hence is fundamental
to the system.

Distortion error is error due to non- linearities in the
subcarricr modulator and demodulator (not to be confused with a

cross-talk errors due to non-linearities in the prime carrier
modulator and demodulator). As in the case of drift, errors due
to distortion at this poiný in the system can be alleviated some-
what by use of calibration signals. This class of error is sys -
temnatic.

The RE link noise causes errors which are randomn
in nature but are fundamental to the system since their magnitude
depends upon almost all of the transmission. system parameters.

The principal contributors to this noise are: the receiving station
front end, galactic sources and man-made interference.

Although the sources of error which have been discussed
should normally represent the principal ones of the frequency division
transmission system, others can be of significance when the trans-
ducer outputs are low level. In these cases amplifiers are normally
used between the transducers and the subcarrier modulator. In such .

cases the randomn noise contributed by the first stage of the amplifier, C
errors due to common mode signals on the transducer lines, and

errors due to electrical pickup can be significant. The analytical
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treatments contained in references 1-23 deal with frequency division
systems.

c. Time-Division Multiplex Systems

The operation of a time-division multiplex system
from a functional scandpoint is illustrated in Figure 1-3. The
signals from the transducers are fed to a commutating device which Lz*
samples the channels sequentially. Thus, the output of the commutator
(also referred to as the multiplexer) is a series of pulses, the ampli- " ,
tudes of which correspond to the sampled values of the input channels
from the the transducers. This train of pulses is then passed through
a device which converts it to a form suitable for modulating the trans-
mitter. At the receiving station the process is reversed. The de-
modulated output from the receivers is passed through a converter
which reproduces the pulse train that existed following the com-
mutator at the transmission site. This pulse train can then be
decommutated to produce pulses with values corresponding to samples

of the original measurement signals. In many cases, interest in the
value of the measurement cannot be guaranteed to coincide with time
at which a sample is available. In such cases it is then necessary -t
to interpolate in some fashion between samples. The interpolation .'.

process may also be used to produce a continuous time waveform
from the sarnnmed values

As was the case in frequency division systems the modulation
of the transmitter may take any form, that is AM, FM, PM, etc.
However, the principal distinction between time-division systems lies
in the form of the converter. In this regard the types of systems can v-s.
be divided into two broad categories:

1) Analog Systems

2) Digital Systems

The analog systems are those in which the output of
the converter varies continuously in some fashion, or in other
words is an analog of the input voltage to the converter. In the digital

systems, however, the converter is capable of putting out only a
discrete number of waveforms, although the input voltage may vary
continuously. Thus, the principal distinction between analog and
digital systems lies in whether the modulation waveform can be
varied continuously in some fashion, or can take only discrete values.

In this respect, all of the frequency division systems discussed
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Figure 1-3 Time Division Multiplexed System
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previously are considered to be analog systems. Since the
properties of the analog and digital time-division systems are

somewhat different we will present first the principle of operation ':4
of the major analog time division techniques followed by a dis-
cussion of the principal sources of error in these systems and
then follow with a similar discussion of the digital time-division
systems.

S~~'...4e
(1) Analog Time -Division Slystens

The primnar-y analog time-division multiplexed
systems in use today are:

1) Pulse amplitude modulation (PAM)

2) Pulse duration or width modulation K:"l
(PDM) or (PWM)

3) Pulse position or time modulation

(PPM or PTM) ''.

As has been mentioned any of these techniques
can be used to modulate the prime carrier in any fashion. The 3
system. designation normally lists thc ty•-Fpe uf converter first
followed by the type of prime carrier modualtion. That is PDM/PM

would be a pulse duration type converter, the output of which is used
to phase modulate the prime carrier. WV>:

(a) Pulse Amplitude Modulation (PAM) .,

A pulse amplitude modulation system is one
in which the output of the commutator is used directly to modulate

the prime trarit,,ditter. Thus the converter is simply a pair of
wires. Hence PAM is the simplest time-division multiplex system.
Indeed PAM wavetrains are produced as the first step in virtually
all time-division multiplex systems.

The pulse amplitude wave trains may take
several forms, two of which are illustrated in Figure 1-4. The
principal difference lies in the duty cycle system. The length of
time necessary to sample all channels is normally referred to as
a frame time. In order to be able to identify the sample at the
receiving station it is necessary to insert frame synchronization.

WADD TR 61-67 11
\VOLI REVl

S , , , . .. . .... _.... ..,. .,...,.... .,:. .,.---.: ...:.: ... :.:.: . - - - - - - - *.= ... . . . . . . . . . . . .=. .=.. . . . . . . . . . . . .========

j •;¢,%--.-.;/,-:-,,,.; ,; , .. . . . .. . . . . . . .



.~7 . --

u -4

UU)

A Ln
-'--a-

z4

j7~ }IV
= J

126



Several different methods can be used to designate frame. The one,
illustrated in Figure 1-4 consists of forcing several consecutive channels
to a level below the minimum allowable data value. Since drifts and non-
linearities in the system cause error directly, it is also common to -

transmit calibration pulses as shown. The data is offset in such a fashion
that channels with signal outputs which are capable of both positive and
negative polarities are centered about the half scale value.

Figure 1-4b illustrates a 50% duty cycle PAM wavetrain. As
in the case of the 100% duty cycle wavetrain the frame synchronization
for 50% duty cycle is designated by several consecutive channels returned
to a reference level which is also returned to this level during half of each '["
channel time.

The 50% duty cycle wavetrain has been used to a greater extent
in the past due to the relative ease of synchronizing at the receiving ,."'-'

station. In general the 100% duty cycle system occupies a smaller spec-
trumn than that of the 50% duty cycle system. Also a longer time period
is available for filters in the system to reach the full pulse height. How-
ever, the dead time available in the 50% duty cycle system allows the use-
o1 circuitry to dump the transients in the storage devices of the video
filter hence reducing crosstalk between successive channels.

(b) Pulse Duration Modulation (PDM)

Pulse duration modulation is a time-division multiplexed
technique wherein the duration of pulses is varied in proportion to the
modulation signal. The pulse train, then, consists of a string of pulses
with different widths as illustrated in Figure 1-5. Guard time is allowed
at both the beginning and the end of each pulse to reduce the difficulties
associated with interchannel crosstalk. Since the information is carried
in terms of pulse width, drifts and noa-lih:,earities in the system do not
have as great an effect upon data accuracy as they do in an equi•a•lent
PAM system. PDM systems are analog in nature, however, since the
pulse duration is varied continuously rather discretely. Thus RF link
noise and interference as well as system transients introduced by band
limiting dJrectly affect the accuracy of tho data.

7.4

WADD TR61-67 13

VOLI RE..



'-i!>

Lr) 4.

rd ;0

U) n

0)

410

oAD ' 6-6
VOLI REV1

14 ~ -



(c) Pulse Position Modulation (PPM)

Pulse position modulation is similar to pulse duration modu- -

lation except that rather than using the entire duration of the pulse, only
the trailing edge of the pulses are transmitted to identify the pulse width.
It is used principally in conjunction with an amplitude modulated prime
carrier since its principal advantage lies in the small percentage of time -

that pulses are present, thus allowing relatively high peak powers and low
average powers. The wider system bandwidths required (as compared to
PDM and PAM) makes its use in conjunction with a frequency modulated -
prime carrier undesirable, since the reduction in average power for the .
FM system could not be realized.

A typical pulse position waveform is shown in Figure 1-6
along with the equivalent pulse duration waveform. The synchronization
pulses shown also may vary from system to system. Although pulses
corresponding to the leading edge are not transmitted in the system -

illustrated this may be done to reduce synchronization problems at the -

receiving station.

(d) Errors in Analog Time-Division Multiplex Systems

The principal sources of error in analog time-division multi- .
plex systems are closely related to those in frequency division multiplex
systems. These are:

1) Drift and non-linearity
2) Bandlimiting
3) Crosstalk

4) Interpolation errors
5) RF link noise

With the exception of pulse ampliLude modulation, only drifts

and non-linearities associated with equinment prior to (nnd %nchidinal thw .
remote converters and after (and including) the receiver converter are
of primary concern to analog time division systems. As is the case in
the frequency division systems this drift and non-linearity is systematic
in that the amount is dependent entirely on the state-of-the-art in circuit

design, and calibration signals can be of considerable aid.

Errors classified as bandlimiting errors in time-division
systems are produced only in the equipment preceding the multiplexer.
Errors due to bandwidth restrictions in other parts of the system are
usually classified under different names. Since, in theory, there is no ,. ,•

reason to bandlimit the system at this point, these errors are also
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systematic in nature and depend upon the phase and amplitude response

of the filters involved a, well as the character of the data.

Crosstalk in a time-division system normally occurs from
bandlimiting of the pulse video signal causing transients from channel r.
pulses to effect the pulses of the channels following. The relationship
between bandlimiting and crosstalk varies fronm system to system. There
is no crosstalk due to non-linearity in time-division systems. Crosstalk
in a time-division system is a fundamental error.

Interpolation error comes about when an attempt is made to
reconstruct a continuous waveform from the sampled values of the original -"-"

waveform available to the receiving station. The amount of interpolation .'--

error is a function of the characteristic of the data which was sampled,

the method of interpolation and the sampling rate and, hence, is a funda-
mental error in the system. The power spectrum of a waveform consist- .
ing of impulse samples of a continuous waveform is made up of images -
of the spectrum of the original waveform (Figure 1-7). The purpose of -
the interpolation process is to recover intact the image appearing about
dc while ignoring frequency content belonging to other images (which
appear about the sampling frequency and its harmonics). Normally, the
interpolation process is such that it introduces distortion due to bandlimit- .-
ing in the spectrum about zero frequency and allows some content of the
unwanted images into the output. These two types of error have been
termed errors of omission and errors of cvxniniSion respectively. The
errors of commission are also called foldover errors and aliasing errors.
It should be noted that errors of omission are almost directly equivalent
to errors due to bandlimiting in the subcarrier bandpass filters of frequency
division systems. Also errors of commission are almost directly equiva-
lent to errors due to adjacent channel crosstalk in frequency division systems. --

Thus the fundamental relationships imposed on system parameters by fixing -
interpolation error in a time-division system has almost a direct counter-
part in frequency division systems.

The -.' 1lin.k. errur8i, as in the frequency division system, are
fundamental being functions of the recei--.ed signal power at the receiving
station and many other system parameters.

As was the case in frequency division systems additional errors
not listed can occur when the measurement device output is at low level.
The anmount of error varies dependent upon whether a separate amplifier
is to be supplied for each channel prior to commutating or whether the
commutating or multiplexing is to be done at low level. Until fairly
recently it was not considered feasible to perform low level commutation
in systems with missile environment. References 1-9 and 26-36 consider
various aspects of time division systemns. References 32-36 consider -.

specifically the interpolation problem. --.
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Figure 1-7 Power Density Spectrum of Sampled Data Waveform
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(2) Digital Systems

The output of the converter in a digital system
can take on only certain discrete forms. Each of the possible outputs @-
of the converter can be thought of as a separate message. If the input
to the converter is a continuously variable voltage, such as would be the
case in many measurement problems, it is common to divide the range
of probable variation into segmnents of voltage. The converter has an
output waveform assigned to each segment and is constructed such that
it supplies the output corresponding to the segment occupied by the input
waveform. The process of segmenting the input range of variation is
known as quantizing and the segments themselves are referred to as
quantization levels. The converter output is usually called a code arid
the converter itself either a coder or analog to digital converter (A to
D converter).

As may be imagined an unlimited number of differ-
ent types of digital systems could be envisioned since an unlimited number
of different code waveforms are available. However, a large majority
of digital telemetry systems use a code which is made up of pulses which
are weighted in a binary fashion. The interval of time allotted for each
pulse is quite often referred to as a bit time (in teletype this is called a
baud time). The codes are distinguishable from one another by the presence
or absence of the pulses. Thus the w...avef1,orm in• -- each bIt position can take
on one of two possible configurations. Codes of this variety will be called
two-level codes herein to avoid confusion with the binary weighting of the
individual bits which will be discussed in the following section. Along this

line it is worth noting that quite often in literature the word binary is used
interchangeably to describe either or both of these properties of the code
(that is: number of levels and weighting) and hence onc needs to take care w..
in its interpretation. Codes with binary weighting of the bit values are
invariably two level codes. However, the converse is by no means true.

The discussion of digital systems will be divided ---.
into four sections. The first will concern the binary, two-level, pulse
coding mentioned above. The next section will discuss a different variety ---
of two-level pulse coding known as orthogonal coding. The third section
will discuss briefly other forms of coding. Lastly, the principal sources
of error in digital systems will be presented. All of the digital systems
discussed in this section are of necessity time-division multiplexed systems.
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(a) Binary Pulse Code. Modulation (PCM)

Two-level, binary weighted, pulse coded systems have been
used to such an extent in the past that the abbreviation ior pulse code
modulation (PCM) has been quite often used to imply a c.;ystern of this
type*. The weighting of the codes are illustrated in Figure 1-8, As can
be seen, the code which stands for each quantizing interval is represented "
by a sequence of bit intervals which are distinguished by the presence or
absence of a pulse. The weighting assigned to each bit interval is a
binary number. The total value of the code can be obtained by adding
up the weighting values of all bits with pulses present (this can also be
thought of as multiplying the weighting assignments by "zero" or "one"
depending on the absence or presence of pulses, and summing the results).
The code illustrated is a three bit code which has eight possible values. LAM
The number of values or quantizing levels which can be represented by -- -

a sequence of n bits weighted in binary fashion is 2 n.

Figure 1-9 illustrates the entire coding procedure where a
three bit code (eight quantizing levels) is again used to simplify the
illustration.. The zero to full scale range of the input analog signal is
divided into quantizing segments as shown and the quantizing segments
numbered. The samples of the analog waveform are coded corresponding

'lequantizn interva lflLV± -a JL jJ±C L)y -3- 6a±i-.pleu CL

Thus far the transmission of "one" or "zero" value during a bit
interval has been referred to as being designated by the presence or
absence of a pulse, In actual practice this waveforrm can take on many
differen;I forms. Figure 1-10 shows a number of the different waveforms
which can be used. The non-return-to-zero waveform is probably the
most commonly used of those shown. However, all of those shown have

either been used in systems to date or are to be used. When the non- .
return-to-zero or return-to-zero waveforms are used it is common
practice Lu use a pre-modulation filter to round off the corners of the
modulating waveform. _'

*Strictly speaking, however, a system of pulses which can take on four
levels rather than two and has weighting of bits other than binary should
also be considered a pulse code modulation system.
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Fig. 1-8. Decimal and Binary Equipment
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Fig. 1-9. Illustration of Pulse Coding
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Figure 1-10 Binary Modulation
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The arrangement of the code sequence in a binary transmission
system is called the format. In general the format is defined by the
arrangement of bits in each code group representing a sample value (which
is sometimes called a word) and the arrangement of these code groups in .
respect to one another. The bits within a particular coded word may con-
sist of: information bits which are weighted binarily as previously described
to represent the sample value; a parity bit which takes on the polarity
necessary to make the total number of one bits per word either even or
odd (dependent upon whether even or odd parity is to be used); and synchro-
nization bits which are normally of fixed polarity. Either or both of the
latter types of bits might be missing depending upon the requirements of
the system. Parity bits serve the purpose of allowing detection of words
with a single bit in error. However, parity is of questionable value in a
radio transmission link since only in a relatively small area of signal-to-
noise ratios is the probability of a single bit error probable enough to be
a bother and much more probable than the occurrence of two errors within
the word. For this reason parity bits are quite often not included in the
transmitted format of radio links. However, in the ground data handling
process parity bits are almost always used since the statistics associated

with the introduction of errors in the code by the data handling equipment
are quite favorable to their detection by parity. The synchronization or
timing bits which may appear every word or may appear after a certain
small sequence of words are usually called word synchronization bits.

Virtually all presently operating binary PCM systems have included some
form of word synchronization, although some presently under development
do not.

The arrangement of words in respect to one another is quite
flexible and varies between almost all systems. In many systems it is
possible to include words containing different numbers of information
bits. This is particularly the case when one bit words (which are some-
times called bi-level or events data) are to be inter-mixed with words of
a larger fixed number of information bits. In the simplest cases the k -d

information channels are sampled sequentially with fixed word length
(such as was illustrated in Figure 1-3). In this case each word represents
the code for a separate information channel, appearing sequentially in

time. The sequence is repeated each time the commutator completes
a cycle. This entire cycle is normally called a frame. In most recent
PCM systems the programming of channels within a frame has been
quite complex, with some channels being sampled more often than others.
This can be best visualized by considering a commutator with a very •"!
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large number of terminals with some of the terminals tied together so that
some channels are sampled more often than others.* It is necessary to
also supply timing information to designate the start of the frame. This is
normally done by transmitting a unique or identifiable code pattern in one or
more word positions.,S.

(b) Orthogonal Coding Systems --. '.7"

In recent years considerable study has been devoted to the use
of codes other than the ordinary binary code described in Section 1, 1-2c.

as a means of transmitting information. Perhaps the most: interesting
category of codes is the orthogonal variety. In the early work on infor-
mation theory it was recognized that codes could be chosen which allowed
an exchange between system sensitivity and system bandwidth. The
orthogonal coding technique accomplishes this exchange in a fashion
similar to that predicted. Thus, orthogonal systems utilizing relatively
large RF spectrum space can be received with less transmitted power
than other systems transmitting the same information under equivalent
conditions. Although, other techniques, such as high deviation frequency
modulation, have been used in the past to exchange bandwidth for sensitivity,
they do not perform the exchange as favorably as do the orthogonal systems.

The principle of operation involves the use of only a few of a
large number of possible binary codes to represent the quantized signal .
levels. The set of codes to be used are selected in such a fashion that
they are mutually orthogonal; that is the cross correlation between any
two different codes selected is zero or negative. The correct code can be
identified at the receiving 3tation by cross correlating the input word
signals with all of the possible transmitted words and selecting the cor-
relator with the largest output. Since the averaging time in the correlation
process is an entire word rather than a single bit time, the noise power
as compared to a binary system is reduced.

*The different means producing such a program are sometimes referred

to as: super commutation, subcommutation and programmed multiplexing.
Subcorninutation implies that a single channel which appears periodically

is supplied by another commutator so that each revolution of the prime 2
commutator, one of the subcommutator channels appear. Super corn-

mutation and prograrnmmed multiplexing are similar in that they can present
the same format but differ principally in technique of supplying the format.
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An eight level orthogonal code along with the equivalent eight
level binary code are illustrated in Figures 1-11 and 1-12. As can be
seen four binary bits are required to achieve the orthogonal combinations

meaning that eight of the binary combinations in the orthogonal code are
not used. The code levels are shown as plus and minus E rather than one
and zero since the evaluation of the cross correlation function requires
the "zero" bit to have equal value of opposite polarity from the "one" bit.
As can be seen the average of the product of any two of the orthogonal
combinations is zero or negative whereas this is not true of the binary
code (the average produce varying from 1/3E to -E). The assignment
of levels to the orthogonal code is arbitrary since the receiving station
identifies the codes word by word rather than bit by bit.

The total gain in power available from use of an orthogonal
system as compared to an ordinary binary system can. be shown to be A
approximately one-half the number of binary bits necessary to achieve

the number of quantizing levels. Thus for an orthogonal system with
eight quantizing levels (corresponding to a three bit binary system) the
power gain is approximately one and a half or 1. 8 db. An orthogonal
system with 10Z4 quantizing levels (corresponding to a 10 bit binary
system) would realize an approximate power gain of 5 or 7 db.

The number of orthogonal combinations in a word of n binary
bi s is 2 n. Thus in order to allow representation of all quantization --
signals with mutually orthogonal signals, the number of bits per word
in an orthogonal system must be equal to one-half the number of quantiz-
ing levels. This, then, requires an increase in bandwidth over an equivalent
binary system of a factor equal to half the quantization levels divided by
the number of binary bits necessary to realize the quantization levels in k
a binary system. For the system with 8 quantization levels the bandwidth
must be increased by 4/3, while the system with 1024 quantization levels
the bandwidth must be increased by a factor of 512/ 10 or 51.Z. The slope
of power vs. bandwidth becomes small as the bandwidth becomes large.

(c) Other Digital Systems

As previously mentioned, there are an unlimited number of
different types of digital systems. Although, binary weighting has been
used almost exclusively in systems involving RF link transmission, other
two level codes have often been used in data handling equipment. Perhaps
the most common of these is binary coded decimal (BCD) which consists
of sequences of four bit binary pattern. Each four bit binary pattern is
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used to represent a number from zero to nine. The four bit patterns are
than used in decimal formn to represent the total number. Thus twelve
bi-level bits are necessary to represent a number between zero and nine
hundred and ninety-nine, the first four bits representing the decimal values
for the hundred column, the second four bits representing the decimal -.-

value for the ten colunn, and the last four bits representing the decimal . -

values for the one column. Since all of the binary combinations are not -"
used, this code is somewhat inefficient from the standpoint of a trans-
mission system (10 binary bits can represent 1024 levels) but is convenient
for readout purposes.

Other two level codes such as cyclic or grey code have also been
used (see Reference 48). In addition trinary or three level codes have been
discussed in literature and at least one instance exists where a four level
pulse system was used for telemetry. "

Error correction codes have been used which use several bits
per word and hence lie between (in complexity) the parity bit, which is an
error detecting device, and orthogonal coding schemes which are extreme
cases of error correcting codes. Such codes are particularly useful in
wire transmission of digital data handling systems where the probability g..\%.-

of a single error per word is significanZ but the probability of more than
one insignificant.

(d) E:rors in Digital Systems

Probably the tendency toward digital systems which appears in
telemetry today is due to the relatively good accuracies which can be
achieved. Although a considerable a-mount of analytical effort has gone
into showing the gernerally advantageous exchangebetween system band-
width and system sensitivity* available in digital systems, it is probably '2
the reduction in systematic errors which can be achieved in digital trans-
mission systems that has provided the most universal appeal. The errors
in a cnafer.v;4 U be cate

*'The emphasis placed on this may be due in part to the relative ease of

handling discrete transmission systems with a classical information
theory approach. The trade off between sensitivity and bandwidth is best
visualized by use of information theory.
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1) Analog errors (drifts, bandlimiting, non-linearity,
etc. in analog portions of the system)

2) Digital dropouts
3) Quantization errors -'
4) Interpolation errors -
5) RF Link errors ... --

Since most digital systems contain some analog circuitry, (up
to the digitizer at the transmission end and after digital-to-analog conversion
at the receiver if analog readout is required) errors due to drifts, etc.
similar to those previously discussed in connection with analog time-division
multiplexed systems can exist. All of these errors are systematic rather
than fundamental and in general can be reduced to a much smaller value
than can the equivalent errors in an analog system since drifts, distortion
and bandiimiaing in the transmission link beyond the converter causes no .', -.

error aL all unless they are very severe.

The systematic errors associated with data after it has been
digitized are called dropouts. In a binary coded system the principal
source of dropouts are in the tape recording process due to tape imper-
fections. "

There are three fundamental errors in a digital system. The
firbs ib quantization error. If the signal into the converter takes on a
continuous range of voltage and the signal out of the converter can stand
for only discrete values there is usually a difference between the input and
output which is called quantizing error. The maximum. quantizing error
is equal to one-half the quantizing range and if the signal is presumed to
equally likely to be at any place within the quantizing interval, the rms
quantizing error is the quantizing interval divided by the square root of
twelve.

Since the digital systems discussed herein are time-division .- .-.

multiplexed systems the problems of interpolation and the errors associated
with the process are identical to those of analog time division system.
About the only difference involves the relative ease of interpolating with a
digital computer which may provide some advantage over other techniques.

The RF link errors in digital systems behave in a different
fashion than those of analog systems in that a very sharp threshold exists.
When the signal strength is very much above this threshold almost no - ..
errors occur due to noise in the RE link. However, if the signal strength -
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is much below that threshold the data is very noisy, (References: 1-9
and 37 through 53 consider digital systems.)

d.Sub-Multiplexed and Combination S yse ms

In frequency division transmission systems it has been common
to sub-multiplex some of the wider band subcarrier channels, This sub-
multiplexing usually involves the use of a time-division multiplexed wave-
form as the modulation of one of the subcarrier channels as illustrated
in Figure 1-13. The use of sub-multiplexed channels of this nature allows
the total number of measure.ments handled by the transmission system to
be increased considerably, The frequency content of the sub-multiplexed
measurernents must be low relative to that which could normally be trans-
mitted over the subcarrier channel.

The most comm-non types of sub-multiplexing have been PAM/
lFM/FM and PDM/FM/FM although almost all varieties ha.ve been used
for some applications. Sub--multiplexing by frequency division multiplex-
ing with low frequency channels and using the composite signal to modulate
a higher frequency subcacrier has also been used. This is called FM/FM/
FM. In many systems different types of sub-multiplexing are used on.
different subcarrier channels.

Although conmbined telemetry systems have not been widely used

to date, there is some iindication that they may receive increased attention "
in the future. To illustrate what is meant by combined telemetry systems,
two examples will be presented.

The first example illustrated in Figure 1-14 combines a general
time- division multiplexed system with frequency division subcarriers.

Since thle time-division waveformn can. be expected to occupy the lower
frequency region of the baseband, higher frequency subcarriers can be
added in a linear sunmn;er in such a fashion that they are separablc by..

virtue of bas eband frequency content.

The second example involves the combination of twvo time-
division systems, as illustratea in Figure 1-15. The modulating waveform .2
is further tinme multiplexed Letween the two time-division systems. Such
"a schnrme using PAINM and PGM (called PACM) has been considered in
literature (Reference Z). Analytical papers on the specific subject of sub-
multiplexed and combination syste;ns can be found in references 1 and 2, - ,-
and 54 through 60. '1
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1-4 TRANSMISSION SYSTEM APPLICATIONS

a. FM/FM

Shortly after World War II the Research Development Board
(RDB) established a set of standards for FM/FM telemetry. This set of
stanlards, which formed the foundation for the present day Inter-Range
Instrumentation Group (IRIG) Standards, specified the center frequencies
of the subcarrier oscillators, and the bandwidths allotted to each subcarrier
channel. With these parameters tied down, and the subsequent production
of standard subcarrier oscillators and subcarrier discriminators, FM/FM
became the most widely used military telemetry system. tiis ascendency
has lasted to the present time, and has carried over into some of the j
western European nations as well. As time progressed, the number of

measurements required of telemetry systems increased. The limitations [A
in maximun number of channels allowed in original and present day

standards for FM/FM were alleviated by establishing standards for sub-
multiplexing the higher frequency subcarrier channels. Thus sLandards
for PAM/FM/FM and PDM/FM/FM were generated. The complete
standards are given in Appendix I. For convenience, the table showing
the subcarrier frequency locations and the bandwidths associated with.
the individual subcarrier channels are given in Table 1- 1. As can be

seen, the subcarrier channels vary from 400 cps to 70 kc in center frequency
with frequency response variations of 6 cps to 1.05 kc. ..

Due to the variation in information capacity of the subcarrier

channels, it is necessary for the user to take care in setting his system up
if he is to make the best use of the system. Table 1-2 (Ref. 61) gives an
idea of some of the measurementb and what measurands can be accommo-

dated by various subcarrier channels.

In addition to selecting the proper subcarrier channel for each
measurand, the taper of the system must be adjusted. The taper determines
the frequenry deviation of the prime carrier causcd by each suhcarrier
and hence determines which channels are most likely to be effected by
crosstalk and RF link noise. Discussions as to how to properly adjust the
taper are included in Refs. 61 and 62.

Examples of modern day use of FM/FM and subcommutated
FM/FM systems may vary from its use for operational evaluation of small
missiles (Ref. 63) to design testing of an ICBM, Refs. 64 through 66) to
measurements of hydrographic quantities (Ref. 67).
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Table 1-1. Maximum Sampling Rates for Manually Separated Data

Net Sample Lengths* Sampling Rates**
(Milliseconds) (Sample s/Second)

Channel Conservative Conservative
(cps) Values Min. Values Values Max. Values

400 660 165 1.52 6.0
560 500 125 2.00 8.0
730 363 91 2.76 i1. 0
960 296 74 3.38 13.5

1,300 200 50 5.00 20.0
1,700 160 40 6.25 25.0
2,300 114 Z8.5 8.75 35.0
3,000 89 22.2 11.z 44.8
3,900 66 16.5 15.0 60.0
5,400 50 12.5 20.0 80.0
7,350 36.4 9.1 27.5 110.0

10,500 Z5.0 6.25 40.0 160.0
14,500 18.Z 4.55 55.0 220.0
22, 000 12.1 3.02 82.6 330.0
30,000 8.9 Z.Zz 1.1 . o 448 .U
40,000 6.6 1.65 152.0 609.0

52,500 5.1 1.25 196.0 785.0 7
70,000 3.8 0.95 263.0 1,050.0

Optional Bands (-f 15% Deviation) """-

22,000 6.0 1.5 165.0 660.0
30,000 4.5 1.12 222.0 888.0
40,000 3.3 0.825 303.0 1,212.0 -

52,500 2.5 o.625 400.0 1,600.0
70,000 1.9 0.475 526.0 2,100.0 -

*Net sample is defined as the timne a sampling device dwells
on a function. This is equal to the gross sample or the
period between the start of two adjacent samples only when
no time is lost in switching from one sample to the next,

• * Assuming no lost time between samples. Multiply these
values by the duty cycle for the actual values.
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Table 1-2. Subcarrier Bands for Selected Measurands

Subcarrier Intelligence Suggested Measurands
Frequency Frequency
(kc) (cps)

1. 3 20 1. Linear or constant acceleration
1.7 25 2. Equipment supply voltages (plate,

heater, grids, etc.
2.3 35 3. Accumulator or pump pressures
3. 0 45 4. Slowly varying positions
3.9 60 5. Static or slowly varying forces

6. Conducted temperature

- A 80 i. L w frequency vibration.

7.35 110 2. AGO voltages
3. Servo system measurements

10.5 160 1. Pressure surges and shocks
14.5 220 2. Radiated temperature

3. Loading in piston rods, struts, etc.

22 660 1 . Vibration
40 1200 2. Monitoring of actuating voltages
70 2i0o 3. Rapid motion -
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A standard FM/FM was described (Ref. 63) for the purpose
of operational testing of the Found Dog missile. Since a relatively small
number of different quantities were to be monitored, sub-multiplexing was
not required.

In the Atlas Intercontinental Ballistic Missile program, FM/FM .
and PAM/FM/FM was used both in in-flight testing (Ref. 64) and ground
testing and checkout (Ref. 65 and 66). The in-flight systems described
contained 16 subcarriers, these being channels 1-13 and channels A, C
and E. The upper seven subcarriers were sub-multiplexed with a total
of 168 PAM channels, with sampling rates varying from 2. 5 samples per'- -

second to 30 samples per second.

FM/FM and PAM/FM/FM systems have also been used in
connection with the Jupiter, Pershing, and Juno II missile programs
(Ref. 68) and the Saturn (Ref. 69). The system described for the Saturn
booster is capable of handling 216 channels by using PAM subcon-imutation
on eight subcarrier channels.

FM/FM and PDM/FM/FM systems have been used for aircraft
testing (Ref. 73). In the system described, ten FM/FM channels were
used with the upper two sub-multiplexed with 245 PDM channels. PDM/
FM/FM was also used in connection with the Bomarc interceptor program,

(Ref. 71).

Although FM/FM has not been used to a large extent in space
work, it is used in the Mercury manned orbital program (Ref. 7Z). Two
standard FM/FM links are used with four subcarriers in use on each.
Channels 5, 6 and 7 contained respiration and electro-cardiogram infor- -
mation. Channel 12 was sub-multiplexed with ninety PAM channels
sampled at 1-1/4 sps. The low frequency channels deviated the prime
carrier 3 kc each while the deviation caused by the high frequency channel
was 10. 5 kc. -__

.MtnAy othn r descriptions of past and projected uses of FM/FM

exists in the literature. Ref. 73 through 81 should provide a sampling of
the more recent articles of this nature.

b FM/PM

The principal use of FM/PM to date has been in connection

with the "inicrolock system" (Ref. 82) which has been used extensively
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in our space program. This system consists of'a few of the lower frequency
standard IRIG subcarrier channels which phase modulate a prime trans-
mitter. The phase modulation index is adjusted to assure the presence of
a carrier signal which is required by the phaselocked receiver at the
receiving site.

In the first U.S. satellite, Explorer I, launched in early 1958,
channels 2, 3, 4 and 5 were used to monitor skin temperature, internal
temperature, micrometeorites, and cosmic rays. Exploere III carried
a similar system. (Ref. 83). The first U.S. lunar probe, Pioneer I
launchedon October iI, 1958, contained an FM/PM system utilizing
channels 1-5. The quantities monitored and the subcarrier channels
used were (Ref. 84):

1) Search coil magnetometer (Channel Z)
2) Micrometeorite detector - flux and momentun (Channels 4 & 5)

3) Internal temperature (Channel 3)
4) Ionizaticn chamber (Channel 1)
5) Facsimile TV scan

The facsimile was to be carried on a separate link but failed

to funciion properly. j

Similar telemetry systems were carried on Explorers IV and
VI and Pioner. TT TTT and ITV (Ref. •. Explorer VI also cauried a digital

link as did Pioneer V which will be discussed later.

In some instances in the past phase modulation prime trans-
mitters have been used in standard missile FM/FM systems. However,
the receivers have contained frequency rather than phase demnodulators t-
and the transmitted signals have received pre-emphasis so that the link
has been FM/FM rather than FM/PM.

The microlock system achieved excellent sensitivity and was
Sundoub.1Tedly a major contributur to the success of the early United btates
space efforts when transmitted power was at a premium, More recently,
however, the larger information capacities required in space and satellite
missions and the rising popularity of digital transmission systems have

decreased the applications of FM/PM.
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c. FM/AM

Although FM/AM has not been extensively used, there has been
at least one system in continuous use. This is the telemetry system
developed by NACA (now NASA) and employed at Langley Field--Wallops
Island Facilities of NASA.

The FM/AM technique is basically the same as FM/FM (both".

are frequency division systems) with the exception that the output of the
FM/AM subcarrier oscillators modulate the amplitude instead of the
frequency of the transmitter. At the receiving terminal, the input data
is recovered by channel filters and discriminated to obtain the analog
quantity. The NASA channel and frequency allotments are shown in
Table 1-3. The block diagram of the ground system is shown in Figure
1-16. in this system, the tape recorder is used to store data for later
processing.

Recently, effnrts have been made to develop FM/AM as a
replacement for FM/FM (Ref. 10) with the argument that the hardware
limitations which precipitated the original decisions to standardize on
FM/FM are no longer valid. Another FM/AM system is described in
Ref. 86.

d. Other Frequency Division Systems , - -

As has previously been mentioned almost all combinations of K

prime and subcarrier modulation techniques have been either used or l
suggested. Some of these are: AM/FM (Ref. 87) proposed for physio-
logical measurements; SS/FM (Ref. 88) for vibration channels in missile
testing; PAM/FM/AM and special purpose FM/FM (Ref. 89) in the Tiros
weather satellite; FM/SS (Ref. 90); and PDM/ FM/AM and AM/AM (Ref.
85) in connection with the Vanguard program.

e. Anaog Tirne-Division Systens

The majority of the uses of PDM and PAM have been in connection
with sub-multiplexed FM/FM systems which have been previously discussed.
However, a PDM/FM system for aircraft testing has been described (Ref. 70)
which could handle up to 88 active channels at a sampling rate of 16 2/3 ups. -'.Other systems involving the use PDM or PWM used to modulate a prime

carrier directly are described in Ref. 91 through 94.
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Table 1-3. NASA FM/AM Channel and Frequency Allotments

Channel Filter Frequency() Filter Passband

1 72. 5+2. 5 70, 0 - 75. 0

2 82.5 80.0 - 85.0

3 97.5 95.0 - 100.0

4 110.0 107. 5 -112. 5 t

5 119.5 117. 0-122. 0

6 129.5 127.0- 132. 0

7 139.5 137.0-142. 0

8 150. 0 147. 5-152. 5

9160. 5 158. 0 -163. 0

10 170.0 167.5-172. 5

11 179.5 177.0- 182. 0

12 190. 5 188.0- 193. 0

13 1.5197. 0 -202. 0

14 217. 0±*5. 0 212. 0 -222. 0

15 j 222. 0± 10. 0 212. 0 -232.0

16 238. 0+5. 0 233. 0 -243. 0
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A thirteen channel PAM/FM system missile application has
been described in Ref. 95. The system is capable of sampling at rates
as high as 50 kc and uses 50% duty cycle.

A PPM system was employed by Naval Research Laboratories
with operational characteristics as shown in Table 1-4. Other applications
of PPM/AM include the Vanguard missile program (Ref. 96), aid physic-
logical telemetry systems (Ref. 97). General purpose systems are
described in Ref. 98 and 99.

f. Pulse Code Modulation System

The growing quantities of telemetry data and the advent of digital
computing devices dictated some time ago the use of digital ground data
handling systems. Although, binary pulse code modulation had been con-
sidered for voice transmission purposes in the late forties (Ref. 100), its - N.

use in airborne telemetry transmission systems began in the middle fifties
with the development of the AKT-14, UKR-7 system for Wright Air
Development Center (Ref. 101 through 106). From this time on the growth

in the number of digital transmission systems in telemetry applications
has been rapid. A survey of the PCM systems for telemetry purposes
was conducted by R. L. Sink (Ref. 107) in 1960 and is shown in Tables
1-5, 1-6 and 1-7. Since the time of compilation of the table most of the
systems pending service or in-development have been put to active use.
For instance, the PCM system for A. C. Spark Plug Division of General
Motors has been used successfully in seven flights of the Titan ICBM thus
far. In addition many of the large booster programs in the future appear to
be planning upon the use of PCM4 telemetry systems and in this area it -'--

seems likely that PCM may supplant FM/FM as the most commonly used
type of telemetry system.

A second area in which digital systems appear to be gaining
supremacy is in space telemetry. The signal-to-noise advantages coupled
with the relative reliability and flexibility of digital circuits compared to

analog circuits has made the use of digital systems appear Quite attractive
in applications where long periods of unattended operation are required.
'ihe Telebit system described in Table 1-5 has been successfully used in
both Explorers VI ard VII and Pioneer V (Ref. 108, 109 arid 110). A

feeling for the growing capability of digital space telemetry system can
De obtained by considering the PCM system being designed for NASA for

the Nimbus weather satellite which wili multiplex and code 924 different
channels using less than 2 waits of power. -

Reference material describing other PCM applications may be
found in Ref. IIl through 119. .
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Table 1-4. NRL Telemet%1ry Transmittin-g Set AN/DKiT-7(M'J-Z I
Channels 15

.4Samapling Rate 312. 5 samples per sec-or-d

Supercomrnirutation 4 channels may be cro,-s-
strapped for 1250 sps

RF Frequency Link 220-230 mc

Transmitter Power Out 40 watts (peak pulse power)

Accuracy: *2% (156 with external
cali~bration)

Power InipLt 2-8 v dc at 3. 5 amnps

6.7 v dc at: 1.1. 3 arrps

Commutation Electronic :i
Signal Inpuit 0-5 volts

Pulse Interval ZOO usec

Bandwidth ~ 100 kc approx. jt
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Eg" Orthogonal Systems

An orthogonal system utilizing 32 quantization levels has been
developed and is popularly known as Digilock. The Digilocix system will
accept either analog or digital input signals to the airborne equipment.
Analog inputs are commutated, converted to digital form in the analog to A
digital converter, and passed to the Digilock encoder. Digital data is
programmed directly to the encoder. The encoder unit quantizes the input ..-

-' data into binary code sequences which are used to modulate the transmitter,
each value of data being represented by a different code sequence. In the

-* ground station, the received signal is demodulated and applied to the input •--0
of a matrix of matched filters. Each filter "matches" one of the mn.any
possible code sequences. A decision device, the output selector, compares
the outputs of all filters and selects that filter having tne maximum output.

NSA The data value corresponding to this matched filter is then recorded and
used for external system functions in either digital or analog form.
"Alternatively, the output of the receiver may be recorded at any remote
location and later processed at a central decoding station.

Specifications and performance of the Digilock systemn are given
in Tables 1-8, 1-9, and 1-10.

"Ih. A.CM /PM FM

,n.Beginning in February 157. a telemetry system study prograrn
was undertaken by Aeronutronic under Contract Number DA.-36-039 SC-
"73182. Prime objectives of the study were: (1) to forecast future telemetry

-" tet- loads at the test ranges and to predict the user's requirements of an
individual telemetry s-ystemx in types and amount of information to be trans-0"-
mitted over the next decade; (2) to recommend suitable operating frequencies
for fature telemyetry systems; (3) to examine the various forms of modulation
and data multiplexijlng, and recommend optimum techniques for future systems;

0(4) to hivestigateý the performance of presýent telemetry systLem-s and to
-,* recommend inliprovernents.

'The requirements in terms of data parameters were based upon
the felemetry user's needs as determined from the results of the user

* requirements survey. 'i'x-ý survey covered factors such as data accuracies,-
informnation bandwidth, numner of sensors, and total data rate. It was

determinied that an "average" requirement is one in which 75 sensors are
required, the average data accuracy is 2. 5% of signal range, and the total
data. rate is equivalent to 75, 000 bits per second. The single pcilit most
evident from the user requirements survey is that a general purpose system S
inrtended to accommodate a maiority of user needs must be a very flexible
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Table 1-8. Digilock Specifications

Inputs: 100 binaj )r inputs per frame
from either analog or digital

sources, com-mutated b--y the
Digilock encoder.

Data Rate: One complete commutation
frarre per second.

Output Signal: Binary sequcnce suitable

for phase modulation or of

comimercial frequency

Modulation.

Akctive Elements: Silicon transistors throughout.

Power i1equirenicnts: 7. 5 v at 1.60 ma (1. 2w)

NVeight: Z. 25 lbs.

Size 8" x 1. 2 5" x 6"1

Table l.-9. Digilock Tested Environmental Capability

Temperature -20 to +700 C

Acceleration: 60 g

Vibration: 20 g from 100 to 2, 000 cps

Table 1-.10. Tested Application of a Digilock Systemn

Carrier Frequency: j240 mc

Transmitted Power: 200 mw

Transmitting Antenna Gain: 0 db

Receiving Antenia. Gain 27 db

RcevrNoise Figure: 4. 5 db

Gonmunica-tion R~ange: 50, 000 mniIesJ-
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- system indeed. The requested accuracies range from 0. 1% to 20% with
most requirements having different accuracy reqaests among the data
channels. Some of the large missile and aircraft tests utilize over 400
sensors, and while the average data rate was 75, 000 bits per second,
nearly 10% of the requests were for more than 1, 000, 000 bits per second.
It was seen that a single general purpose system would have to provide -"-

.4 data rates of 100, 000, 200, 000, and 400, 000 bits per second, at least.

Anticipation of increased data requirements and further congestion
in the telemetry bands also required that efficient use of the RF spectrum

- be a major factor in the choice of a general purpose system. The
efficiency of a system in spectral utilization is a function of its interference

A susceptibility and interference generation.

In addition to consideration of flexibility and spectrum utilization,
considerations of a more general nature which were taken into account
in the design of the conceptual system were as follows:

1. To the greatest extent possible, the system should be
compatible with existing input and output devices, i.e.,
transducers, data display, recorders, computers, etc.

2. The wide application of telemetry at the test facilities and

ranges represents a very large investment in equipment
and effort, consequently the maximum utilization of these

"is desirable.

3. The greatly increased cost of vehicles and their non-
recoverable nature demands increased emphasis on
"reliability as a design consideration.

4. Size and weight of the vehicle-borne components is +
important in view of the desired usefulness in applica-

"tions ranging fronm small research vehicles to ICBM's.

Some of the considerations noted above represent conflicting
demands on the conceptual system design. However, requirements (1)
and (2) and aspects of requirement (3) are largely met upon selection
of a system which will expeditiously meet most user needs an! which

the capability of expanding to accommodate the increasing requirements .
of the future.
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The conclusions reached in the course of the study are listed
in detail in the Final Report (Ref. 5). The system recommena ded as a general
purpose telemetry system is a combination of PAM/FM and PCM/FM which
is designated as PACM/FM. The format consists of pulse amplitude
channels time-division multiplexed with PCM/FM channels. The time
allocated to each pulse amplitude channel is chosen as an integral number
of bit times to simplify the timing. system. The system is in the evalua-
tion state at present.
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SECTION II

TRANSDUCER FUNDAMENTALS

2-1 INTRODUCTION

a. General

This section covers the fundamentals of various ... OJ
physical measurements in an effort to illustrate and provide basic
information about transducing devices used to translate the measure-
ments to usable signals as employed in telemetering systems. In
many cases it is difficult to clkssify a measurement fundamental as -

applicable to an existing transducer element or device. However,
as new materials, methods arid instruments are developed to
satisfy new and advanced program requirements, some fundamental N

relationships will become more useful. For example, the advance-
ments in the use of optical scanning techniques (color TV included)
has made more useful, many measurement fundamentals based
on visual indications, rather than mechanical or electrical signals.

It would,of course, take several text books to
adequately discuss each of the major types of measurements
involved. References have been given pertaining to historical
dcvc.oprne,,t, dt:taiied derivations, and evaluation reports to
supplement the limited descripdions that follow. The reader may ..77.
also question the inclusion of certain types of transducers. Synchros,
for example, are not generally thought of as "telemetry transducers."
However, telemetry engineers must be familiar with synchros,
resolvers, control transformers and other like equipment, since
they are often called upon to handle signals (shaft position, ac vol-
tage, etc. ) from servo and computer systems. The question as to what
equipment should be included in this handbook leads to the next question .
of what is meant by "transducer." A brief and explicit definition cannot
be easily derived. The I..ter-Range Instrumn.cntation, Group has adopted the
following definition for an instrumentation transducer (See AppendixIl):
"A device which responds to a phenomenon and produces a signal which is
a function of one or more characteristics of the phenomenon. " This general . -.

definition encompasses two groups of elements as stated byLion (Ref.lZ0);
namely, input transducer s and modifiers. As classified by Lion, an input
transducer is capable of converting a nonelectrical quantity into an electric
signal and a modifier element converts an electric signal into another modified L

12.0 Lion, Kurt S. , Instrumentation in Scientific Research (Electrical
Input Transducers), New York: McGraw-Hill Book Co., Inc., 19 5 9,pp. 1-2
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(A%,,. electric signal. Lion has defined a third group of elements in the field:-

of electrical instrumentation. These are output transducers, used to

convert an electrical signal into a nonelectrical quantity ( e. g., meter, -'.

strobotron tube). The devices described in this and other sections of
the Handbook, and called transducers herein, could be logically separa- .

ted into these three groups, or their combinations. It may be noted that

transducers described in this handbook are, for the mnost part, input
transducers; e. g. , pros re, acceleration, and temperature transducers.

SThe telemetry engineer iL also concerned with modifier elements such

as the conversion of ac power to a proportional dc signal. An example

of this is the Hall Watt transducer described in this section. The use

of output transducers within telemetry systems is limited to special si-

tuations wherein an intermediate element is required between the non-

electrical quantity which is to be telemetered and the input transducers.-V
A case may be the use of a synchro transmitter (input transducer) and
receiver (output transducer) wherein the transmitter converts shaft rota-

tion to an electrical signal for remote operation of the receiver. The
output of the receiving synchro is a corresponding shaft rotation which,
in order to be telemetered, must be mechanically coupled to another input

"transducer (e. go, potentiometer, differential transformer).

From the preceding discussion, it may be recognized that

to advance a definitive statement of the meaning of "transducer" could

easily impose limitations on the handbook's coverage and consequently its
usefulness to the telemetry engineer. In the opinion of the authors, the
handbook should incorporate all significant devices with which the tele-
metry engineer must work.

b. Transducer Nomenclature

Standard nomenclatures for transducers have not yet been

settled upon and adopted by manufacturers and users, 1-iowever, both groups
have recognized their need and organized work is being carried out toward :

this end. A recent questionnaire prepared by the Instrument Society of.
America contains a tentative listing which may be used in selecting trans- .'-"- :"7'
ducer titles (Ref.121). This listing is shown in Table Z-1 and the following :

121 "Preliminary Questionnaire on Transducers Having Electrical Output," "
Survey Committee on Transducers for Aero-Space Testing (SCOTFAST),
(Committee No. 8A-RP37 of Aero-Space Standards Division of the Instrument

Society of America), undated.
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are examples of transducer nomenclatures:

,
Transducer - Acceleration, Linear, Unbonded Strain

Gage Type, *t3 g

Transducer - Pressure, Elastic Element, Potentiometer
Type, 0-1000 psig

The nomenclature of a particular transducer does not neces-
sitate the use of all modifiers shown in Table 2-1. The second modifier
may or may not be employed and a fourth modifier could be used to indicate
further restrictive or special characteristics. Examples of a possible
fourth modifier are* Integrating; Logarithmic; Digital, Discrete Incre-
ment; Bi-Directional; AG or DC Output.

c. Phyical Effects and Tansdution Principles

Appendix III provides brief explanations of numerous physical
effects and principles, many of which are utilized in transducer designs.
Some of the effects have not yet been applied in transducer design, but it
is conceivable that research may prove them to be of value under special
conditions.

Z-Z MEASUREMENT OF DISPLACEMENT AND POSITION

The more frequently used transducers are acted upon by the mnea-
surand (a generic term designating any physical quantity which can be
measured, detected, sensed, or controlled) to cause rectilinear or angular
displacement of one of its integral parts. The magnitude of displacement
corresponding uo the maximum permissible measurand value may be minute
or large. For instance, displacement of the moving mass of a force-balanced
(servo-balanced) accelerometer is hardly discernible, yet a displacement
must exist in order to obtain a signal proportional tu aue.lratzoi.. . .Relativciy
large displacements are encountered in pressure elements such as the bellows
and Bourdon tube. Very large displacements occur in transducers which are
used for measuring position (e. g. , rectilinear potentiometers, differential
transformers, inductive potentiometers). The conversion of displacement to
electrical signals may be accomplished by utilizing such effects as the change
in electrical capacitance between two metal plates due to change in distance
between the plates; the change -in electrical resistance produced by a movable
contact, as in the potentiometer or rheostat; the change in self-inductance
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or mutual inductance produced by a movable magnetic clement; the voltage

produced by force applied to a piezoelectric crystal; and the variation in k

wire resistance due to mechanical strain.

a. Differential Transformers

(1) Operating Principles

Differential transformers are electromochanical %

devices for tranelating the displacement of a magnetic armature in an ac -

voltage which is a linear function of the displacement. Although their

physical configurations vary between manufacturers, they are basically

composed of primary and secondary coils wound on a ferromagnetic or air be
core and a movable armature is used to control the electrical coupling

between them. When two primary windings are used, they are connected

series aiding. The secondary windings are connected series bucking so

that the transducer output is the vector difference in the two voltages in-

duced in the secondaries.

One type FPRIt•APY COIL.

of differential transformer ccm- COIL l, SECONDAk> F-COIL 2, SECONDARY

figuration and its wiring schema- ¶ FORPN,MOTION To BE-•' 'tic is shown in Figure 2-1. The INDICATED OR
COND ROI TED O i I_____

ac output versus armature posi= COjiR\ ...

tion is depicted in Figure 2-2ZCORE
TO AC VOLTAGE "

(Pef.-Z2), A dc signal suitable for 5OURCE (CONSTANT)!
- - DIFFERENCE VOLTAGEtelemetry purposes may be ob- OUTPUT E,,,

tained by use of a demodulator
and low pass filter. Basic cir- N.

cuitry for ac to dc conversion is 4 (W
. shown in Figure 2-3. In transducer _r'I SECONDARY 1

- applications, the ac input power is 2
V.', often obtained from a transistorized PRIMARYii (output)

*: inverter to allow operation from a (input)

dc bus. The inverter, differential U SECONDARY 2

transformer, demodulator, and

filter are usually contained in one
* package, along with the sensing

element (e. g. , bellows). Figure 2-4 Fig. 2-1. Configuration and

is a schematic of a typical inverter, Schematic

. 122 "Note6 on Linear Variable Differential Transformers,' Bulletin

AA-lA, Schaevitz Engineering, pp. 1-2.
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0

VOLTAGE OUT
OPPOSITE PHASE

CORE DISPLAXCE/M NT

CORE AT A CORE AT 0 COqE AT B

(NULL POSi ION)

Fig. 2-2. Output Voltage and Phase as
Function of Core Position

transformer, and phase sensitive demodulator circuit. The inverter
(often called a modulator by manufacturers) generates a square wave
carrier which permits simple capacitor filtering to aChi-ve lox;W ripple-,
output. Electro-mechanical response is determined by the degree of..........
filtering required and may be related to ripple approximately as fol-

lows:

oupu etoR ec(rmn)cal 10 x desired response bh e o)

carrier frequency V

Another configuration of an air core differential
transformer with a ferrornagnetic armature is shown in Figure 2-5
wherein our windings arc woun.d with different physical relationships

(Ref. 123).

The flax distribution of an iron core type dif-
ferential transformer, designated as the Metrisite by the rnatufacturer,
is shown in Figure 2-6, and one armature design (a conducting loop) is

7
123 "Handbook of Linear Transducers, Handbook No. R-50, Automiat-
ic Timing and Controls, Incorporated, p. 4.
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IP

INPUTO

-dH

S• -.

Fig. 2-3. Differential Transformer, Demodulator i4
and Filter Circuits

"depicted in Figure 2-7 (Ref. 124). It consists of three coils disposed on
three legs of a laminated magnetic structure. In the central leg, there
is an air gap, and in this a single-turn loop of conducting material is
free to move. When alternating voltage is applied to the central coil,
an alternating magnetic flux flows through the central leg, across the air
gap, and through the outer legs. The coils on these outer legs are identical
and are connected in series opposition. If the conducting loop is in the
center of the air gap, the flux divides equally between the two outer legs
inducing equal and opposing voltages in the two coils. The net output signal,
therefore, is zero.

If the conducting loop is moved away from the
center of the air gap as shown in Figure 2-6, the flux distribution is
altered by the circulating current induced in the loop. This results in
less flux flowing through the coil toward which the loop was moved and

S..or. flux LnoUI the opposite coil. Accordingly, the voltages
"A are unbalanced, and the net output represents the loop position. The

loop acts as a flux inhibitor due to the circulating currents induced in
it which oppose the flux of the primary excitation.

lZ4 Ardnt, John P. and Gardner P. Wilson, "An Electra-Mechanica,l
Transducer With Unusually Low Reaction Force," Brush Insitruments,.-
Division of Clevite Corporation.
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Fig. Z-4. Transistorized Circuitry
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When the air gap
is uniform, the output is very nearly a
linear function of loop position over a dis---6
tance approximately equal to the width of
the central leg of the core. The major "'
source of error is fringing of the flux. In
designs requiring the best possible linear-
ity, the slight error due to fringing may I .
be eliminated by proper shaping of the air _"A

gap. "-_-.'_

Variants of the H
and E core magnetic configurations have
been employed in differential transformers. Fig. 2-7. Armature Designed
Figures Z-8 and 2-9 depict their basic ar- for Non-Linear Input-Output
mature movements. Function

The underlying

principle of operation is the large variation in the reluctance of the magne-
tic circuit resulting from relatively small armature movements. These
reluctance changes in turn vary the coupling between the primary and secon-
dary windings, thus producing an output voltage. -'- -

The sensitivity of the _ -
E and H core design is exceedingly high, but L u-.
the output is necessarily non-linear. Another
undesirable characteristic is the appreciable

* magnetic pull between the armature and pole
* pieces.

6 (2) Linearity and Linear -
Range (Ref. 125) .

"1he output volage o01
an air coi e differential transformer is a lin- L-
ear function of core displacement within a -

certain range of motion, In other words,
within this range, a graph of output voltage Fig. 2-8. H Core Differential

Transformer

125 "Notes on Linear Variable Differential Transformers,"

op. cito, p. 5.
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0

INPUT OUTPUT INPUT OUTPUT

Fig. 2-9. E Core Differential Transformer

versus core displacement is essentially a straight line. Beyond this range,
the graph starts to deviate from a straight line.

The degree of linearity within the linear range is
defined as the maximum deviation of the output curve from the "best fit"
straight line passing through the origin, expressed as a percentage of the ---

* output at nomi-nal range. For Cxa-i~Pie, if the output is 1. 45 volts when
the core is displaced from the null to the limit of the nominal range and
the maximum deviation of the output curve from the straight line through
the origin that best fits the curve is ±0. 005 volts, the linearity is
10. 005/1.25 or ±-. 4%.

Unlike the potentiometer, the differential trans-
former may be connected to a wide variety of load impedances from infinity
down to an impedance of the same order as its differential secondary impe-
dance. In many app~lications, the load may be given any value in this range--
with only snall effect on linearity or linear range-

(3) Sensitivity and Output (Ref. 126)

The rated sensitivity is usually stated in terms of
millivolts output per 0. 001 inch core displacement per volt input (commonly
written my out/0. 00d"/volt in. ). In a particular application, the input vol-

tage may have a constant specified value so that sensitivity is often simply

+26 0 b ord. p. 5.
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described in millivolts (or volts) output per 0. 00 inch core displacemrent.

As voltage sensitivity varies with frequency, excrIpt in some designs over

a limited frequency range, the frequency should be statecl when specifying .

sensitivity. The actual output voltage for a given core displacement is

determined by multiplying the sensitivity by the displacement in thousandths

of an inch, then multiplying this product by the input voltage.

Instead of specifying sensitivity as described above,

some users prefer to specify the output voltage produced at rated input

voltage with the core positioned at one end of the rated linear range, more

simply stated as the nominal full-range output.

Sensitivity and output generally increase with fre-

quency, particularly in the low frequency portion of the range specified '

for a particular differential transformer. In some design.-:, the output
variation with frequency may disappear for limited frequency ranges and
particular load conditions.

(4) Resolution (Ref. 127)

The output voltage variation of the differential '.

transformer is stepless. Therefore, the effective resolution depends

entirely on the minimum voltage or current increment which can be sen-.-

sed by the associated electrical system. The output may readily be re- -. , -

solved to within 0. 1 % of the full-range output by a suitable null-balance L _-0

indicating or servo system such as that shown in Figure 2-10.

K. INPUT MOTION

I SERVO MOTOR

INPUT KV ' OUTPUT Of

_L. BALANCNG - SERVO MOTOR
-'- TRANSFORMER

Fig. 2-10. Null Balance Circuit

.127 Ibid., p. 7
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(5) Excitation (Ref. 128)

The fundamental inductive arrangement of the @.
differential transformer with a straight movable magnetic core can be

designed for operation at any ac frequency in the range from below
60 cps up into the radio frequency region (one megacycle and beyond).
However, standard transformers for laboratory, military, and indus-

trial application are readily available for operation in the 60 to

20, 000 cps range.
N .,

When the transformer is used to measure static -'-.
displacements or to sense linear motion which does not include oscil-

latory components above approximately 6 cps, the common 60 cps power

frequency is generally convenient. The 400 cps aircraft power fre-
quency is widely used and highly suitable for many applications.

Accurate response to vibration and rapid mech-

anical movement requires the use of an excitation frequency at least

ten times the highest frequency present as a component of the mechani-

cal motion, preferably higher. •

Many differential transformers have been designed

for a conservative nominal input rating of 6. 3 volts. Low power at this
voltage is readily obtained from standard filament transformers and re- %.

Rim; gulated power sources commonly supplied as components for electronic

equipment.

The excitation power required to produce useful

sensitivity in different types of transformers varies with transformer size

and application. In many applications, this power is only a fraction of a

watt. In practice, this power is usually limited by the maximum hot spot

temperature produced within the primary winding under the maximum
ambient temperature condition of the particular application. Due to the
high reluctance of the magnetic path, core saturation generally does not
occur with any current value which would not eventually overheat the

primary winding. kq

"When a differential transformer is excited at a . '
fixed voltage, the primary current will vary downward with increasing

frequency. As the heating effect is proportional to the square of the cur-

rent for all practical purposes, the maximum input voltage may be -.- 4

128 Ibid., p. 7 .
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increased at higher frequencies by the amount required to niaintaiii the

primary current at a fixed value, up to the absolute niaximuni voltage
limit for the winding and circuit insulation.

A constant-current power source, rather than a
constant-voltage source, is often preferable for accurate operation,

particularly when using an input level which produces a substantial temp-

erature rise in the transformer. A constant-current source eliminates
any output variation directly due to the normal primary resistance varia-

tion with temperature. This primary resistance variation is important
at low frequencies, but may be insignificant at high frequencies where

the impedance is principally inductive.

(6) Phase Characteristics (Ref. 129)

The phase angle of the output voltage with respect
to the input voltage has two values differing by 1800, dependinig on whether

the core is on one side of null or the other. When not otherwise specified,
the phase angle is usually understood to mean the one which is closer to

zero.

Generally, the phase angle, as defined above, is ,

between -20` and +75', depending on the type of transformer, the fre-
quency, load, and other factois. Au approximate calcolation of phase aagle

is fairly simple. Taking the input voltage as the reference, the phase of
the primary current is the angle whose tangent is -2rrfLK/Rp, where f is
frequency, L and Rp are the known values of primary inductancc and re-p. p
sistance respectively, and the negative sign indicates that the current lags
the voltage. The electromotive force generated in the secondary,leads
the primary current by 900; hence, the phase of this e nf is readily calcu-
lated. If the output load is a very high impedance, the output voltage is

practically equal to the emf both in amplitude and in phase.. If not, the
phase of the output voltage appearing across the load can be calculated by
elementary ac circuit theory if the secondary resistance and inAductanr-ce-

are known.

L;~
The phase angle calculated by the above simplified

procedure is only approximate because it ignores the "reflected impedance''
of the secondary circuit which modifies the primary impedance. ttowever,

because of the loose coupling between primary and secondary, this effect

129 rbid. p. 8.
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is small except possibly at high frequencies. The cffect of winding Capa-
citancc, which has been ignored but which is always present to some extcni,
*may also become appreciable at high frequencies.

An equivalent circuit, based on the simplifying as- ,

sumptions mentioncd above, is shown in Figure Z-1 1.

ELp EnfEOUT

NOTE: Emf leads I, in phase by 90

secondary resistance I,. primary current j"R I
L s secondary inductance R =, primary resistance

Z1. laucd impedcnce Ip. primory inductance

Fig. 2-11. Equivalent Circuit (Simplified)

Displacement of the core causes a shift in the out-
put phase angle, but this shift is usually very small (of the order of 1').
within the linear range. ,.-'

Normally, as the core passes through the null point,
the output phase changes abruptly by 1800. However, under unusual condi-
tions of high minimum balance voltage (or"null" voltage), such as might be % -,"
caused by masses of metal located close to the transformer, the 180' phase
reversal is not abrupt but takes the form of a gradual phase shift in the vicin-

ity of the null point. At the null point, the phase angle differs by 90' from A
the two phase angles obtained at appreciable distances on both sides of null.

The phase relationships mentioned in the preceding
ParI-agraphi are II u-tr:ed in Figure 2--I. The vector OP represents the
input (primary) voltage. 051 and OSZ represent the output voltage at the two -t

opposite ends of the linear range. 08 represents the minimum output vol-
tage, which occurs at the ''null'' point. The other solid-line vectors repre-
sent the output voltage for intermediate displacements. The magnitude of
the minimum voltage 080 has been greatly exaggerated in the figure for

purposes of illustration. Thie dotted line represents the output of a perfectly
balanced differential transformer having zero minimum voltage, 0T 1 and
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vuof no importance. In some applications, however, it is desirable to make•.'.the angle smnall or zero. Generally speaking, an increase in frequency . ii[.
will reduce the phase angle, and id some cases, the desired phase angle

"may be obtained by suitable selection of frequency. -mn

hIn other cases, a simple circuit modification can
•-" be used effectively to give zero output phase angle. Typical corrective

.N circuits are shown in Figure 2-1 3. The choice of circuit and of component-,-.-:
vauedepends on the type of transformner, the application in which it is,-.._

• •.• ~used, and the characteristics desired, such as maximum sensitivity. -. :''
.• minimumn variation of phase with frequency, or minimum variation of phase

"* with core displacement. •-•P
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Fig. 2-13. Practical Circuits for Reduction of Phase Angle

b. Synchros (Ref. 130)

Synchros are motor-like devices to translate angular position
to electrical signals or vice-versa. Although the class of transducers which -

includes synchrous arid resolvers is not, in a strict eense, a part of the tele- _AWN

metry transducer group of instruments, it is a transducer class which is

often involved in a telemetry system in a secondary mannci. This can be
illustrated by the hypothetical application illustrated in Figure 2-14. In this

application, a missile control system functions according to the position of
a certain surface. The control system operation is based on the position, 0,
which is obtained from a synchro transmitter-control transformer follow-up

servo and the sine of the angular position, sin 0, which is obtained from
the resolver. It is desired to telemeter both of these input functions to some
location as a check on the control system operation.

The resolver output, E 1 sin 0, is an ac voltage (usually 60 or

130 "Synchros, Electromechanical Components and System Design,"
Vol. III (February, 1959), p. 51.
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40( cps) which can be used directly to drive a voltage controlled oscillator
of in FVI/FM telemetry system. Since the synchro control transformer L 9
pr csents a mechanical output, this must be converted by the use of a se-
coutd transducer (potentiometer or encoder) to obtain an electrical output
which is a function of the input angle, 0. This electrical output can then
be used to drive a voltage controlled oscillator for FM modulation or the ' -

encoder output can be used for a PGM/FM telemetry system.

1 General 2

There are two essential. types of synchros. The
first of these, the simplest but least commonly used, is the group of - -

torque synchi os which can transmit angles directly without the use of .
additional servomechanism components. Where light loads are to be an-
gularly driven, such as pointers and remote indicators, torque synchros
are satisfactory. Howevee-, because angular error depends upon output
shaft loading, they are inadequate for appreciable loads. Furthermore,
their nature requires that they operate quite hot and at high flux densities,

introducing angular inaccuracies. These units will not be considered
further in this text.

More important are the control synchros, in-
cluding three basic types: the synchro control generator, the control
differential generator, and the control transformer. These are inter-
connected by simple wiring, with electrical energy applied only at the
input terminals to the synchro control generator. The synchro generator
converts its shaft ang,.e to a set of electrical voltages. The differential
generator, energized by the synchro generator, has output windings which
in turn, energize a control transformer. The shaft angle of the differential
generator adds to, or subtracts from, the input shaft setting of the control
generator. The control transformer receives signals from the generator
or the differential generator and, by means of a servomechanism, is
driven to a null depending upon the shaft position of generator and differen-
tial gener4tnr, Theý control r-msr has a twro-termninal output .., hich
develops an error signal proportional to the sine of the angle of its shaft
displacement from correspondence with generator and differential genera-
tor angles. This error is amplified to drive a servo motor which in turn
drives the control transformer and any other additional load to a null posi-
tion.

WADD TR 61-67
VOL I REV 1 69

.. .. .

-- -- -- -- -- -- -- -- -- -- -- -- -- -



Control synchros are used with a servo-
mechanism. Output energy is supplied by the servomechanism, permit-
ting torque multiplication.

Figure 2-15 shows a typical angle transmission - -

system incorporating a transmission generator, a differential generator,
and a control transformer, as well as a servomechanism for driving the
output angle. The figure indicates how this system works. Where re-, .
quired, additional control transformers can be connected to the genera-
tor or differential generator, or additional differential generators may be
inserted in chains. A great variety of practical configurations may be
assembled for specific use. Because of transient coupling as well as in-
creased errors, torque synchros are seldom used with control synchros.

LINE VOLTAGE

'GEARINGG DG T%-l-

rN .- ttSERVO-
ArIMPLIFIEýR SERVO-~ e00' 

0
CTL~-MOTOR-

Fig. 2-15. Synchro Angle Transmission System Incorporating a
Synchro Generator, Differential Generator, and Synchro Control
Transformer. The generator translates the line voltage excitation
to a flux field whose orientation with respect to its three-phase
secondary winding is determined by its shaft angle, 0G. The single -

phase field in the DG primary, which is the resultant of the three
input currents, may be reorien ed by adjustment of ODG. The CT is
positioned to correspond to 0G - ODG by the servo-system shown
in the figure.

(2) Principle of Operation

Although variations exist, Figure 2-16 shows the
common arrangement of magnetic circuits within a synchro. The stator
incorporates a three-phase winding. (However, it should be remembered
that only single-phase line power is applied. ) The generator rotor may be
a salient pole or conventional wound rotor, incorporating a single phase
winding. Sometimes a short-circuited winding is applied at right angles to
the main rotor winding to improve accuracy. However, its role is not
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I 420 NPUIT VOLTAGE APPLIED
THROUGH SI IG

Fig. 2-16. Synchro Simplified Diagram. This depicts how

the input voltage applied to the rotor winding of a synchro
generator induces secondary voltages in the three-phase

outputwinding which vary sinusoidally with shaft position.

fundamental and it will not be considered hero further.

The differential gencrator has a. three-phase stator

and a three-phase rotor winding. It is distinguished from both the genera-
tor and the control transformer by the three slip rings necessary to make

coupling with the output brushes. Windings are arrayed on the motor-like
magnetic lamination stacks and generate fields similar to those shown in
Figure 2-16. This figure, in simplified form, shows the ideal operating

condition in a synchro transmission system. Because each synchro re-
presents a balanced load, additional synchros on the system do not change

the basic theory of operation.

(3) Accuracy

(a) Static Errors

Synchlro accuracy is affected by design and
manufacturing errors. Transmission accuracy can vary from about 5 to

30 minutes of angle, with instances of both better and worse accuracy oc-

curring. Accuracy is generally improved in larger units, or units opera-

ting at higher frequency, such as 400 cycles rather than 60 cycles. The

mxore imuporLantL mL.cIrS ueLermining accuracy are the roundness and sym-

metry of the magnetic circuit elements, and the uniformity and balance of
the three-phase windings. Factors tending to produce unbalance or dis-
symmetry introduce errors. Iron in the magnetic circuit is of highest irn-

portance, requiring use of high nickel alloys with very high permeability.
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These alloys are carefully annealed and assembled so as to eliminate
strains or grain effects which tend to introduce dissymmetry.

Since the windings generate the magnetic
fields, layout of the coils is extremely important. The choice of slot
combination, turns per slot skew, and the shape of salient pole struc-
tures, are design factors affecting the sinusoidal flux distribution. .

The nature of the angular error, par-
ticularly the frequency of repetition in a 360 period, is a function of
its origin. Table 2-2 tabulates the errors occurring in a synchro sys-
tern, identifying the sources. Figure 2-17 shows a typical error curve
for a synchro transmission system.

MAXIMUM ERROR POINT

MX.I

ERROR

JELEC.
ZERO _ ~

Fig. 2-17. Typical Error of Synchro Transmission System.
For discussion of the composition of this error curve, see
Table Z-Z.

(b) Velocity Errors A t
In addition to the static errors discussed .

above, synchros are subject to an error due to rotational velocity. Thus, .

if tCe. rotors of a generator and control transformer are aligned to pro- .
dluce. essentially zero error output, and if the rotors are then rigidly
coup;'.ed together, so that there can be no relative motion between them,
and i' then the two synchros are rotated together, a voltage will appear at ""
the control transformer terminals. This voltage will consist in part of
components due to the static errors discussed above, but there is also 4 .

a ste .dy component that increases with speed. Hence, if the two synchros •.Y.
are. used in a servo system that tends to null the in-phase component of
the output voltage, the output tends to run slightly behind the input when a
constant velocity input signal is applied. This velocity error is an addition
to the error normally found in servo systems having velocity lag. These "28.4
output errors occur in the high-speed synchros of a multi-speed synchro
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Table 2-2. Error Components in Synchro Transmission Systems.

The error pattern of a synchro-transmission system (error versus
shaft position) may be analyzed into its Fourier Components. These
will have a periodicity which may be expressed in cycl,ks per complete
synchro revolution. In general, the pattern of quadrature residual
voltage will have a similar appearance, the relative magnitude being

determined by the source of the error.

Error Comnp. Origin Possible Cause

One cycle Rotor eccentricity Manufacturing inaccura-

cies, purely random.

Two cycle Unbalance in Stray capacitance or re-
3-phase circuitry sistance in line, elliptical

stator air-gap, stray line
coupling. Random

occurrence.
C -4.-.T

-Xuuou~ud± Conunxun error pattern in
also 12, 18, etc. flux waves. many synchros due to
cycles harmonics generated by

the windings. Uniform
error pattern for spe-
cific synchro designs. -

Slot Errors Non-sinusoidal Error pattern due to slot
flux-wave. combinations in synchros. ,

Less important with 3n-
creased number of .1ots-

Minimized by proper
skewing. Uniform error
pattern for specific syn- -

chro designs.

L' "

WADD TR 61-67
VOLI REVI 7).

% .-I, -. ---- ~ i :& > ..... u.:-,- .: ---:.-K ..',:..::..:..... --.- -..'-, .. - ' -, . -.2. -.- .'i' - .- ) - , ?.- - •-. ? ? -



system. They are significant when the synchro system is operating

higher than about 1/3 of synchronous speed.

c. Eleztrical Resolvers (Ref. 131)

(1) General

Electrical resolvers are small motor-like com-
ponents in the saine family as synchros. They differ from synchros in
that they have two input windings and two output windings on the rotor
and stator respectively. The windings on each member are distributed
at right angles to one another so that individual rotor windings and stator.' -

,windings do not interact among themselves. The resolver is represented
schematically as shown in Figure Z-18. The unit generally has four slip
rings and bruuth assemblies providing electrical contact to rotor windings.
For transduciag application, only one set of slip rings may be required,
or in many instances where angular travel is limited, pigtail connections c--. -
may be provided.

INPUTS OUTPUTS I' •
E%,ER ES2co$t - Es sm 8 si
SE• F..ez" ES, COS 9 ÷ES, sin 8"'"°•

Fig. Z-18. Schematic Representation of the Electrical Resolver

When a resolver primary winding is excited, voltage

is generated in the opposing windings, varying as a sinusoidal function of
shaft position. Since the windings are distributed at 90* to one another on

131 Ibid., pp. 54-56. -'

WADD TR 61-67

VOLI REVi 74

...... -......... , .....- - --.. ....... . ... .-.".. .. .'0;,,, *, ... :...2 ." . ?, .2. - . . . , ,,- • -< :",,..-5 " , T, - ' ."2.,.",- . .



* 4%

both rotor and stator, output voltages constitutinig sine and cositne functions

of shaft angle are generated. Simultaneous application of voltage to both
primaries causes a resultant magnetic field whose magnitude corresponds

to the square root of the sum of the squares of the separately applied vol-

tages and whose angular orientation depends on the vector resultant of the '.

separate applied voltage vectors. Because of these properties, a resolver .

is directly applicable to problems involving trigonometry, such as the con-

version of coordinates, rotation of coordinates and in most computing ap-

plications where trigonometric functions appear. Resolvers are especially

suited to fire-control problems in which a good deal of the computation is

necessarily based upon trigonometry. Here, however, we will not consider -

these applications of the resolver, but rather its use as a transducing ele-
ment.

Many vn)riations of the resolver exist. Resolvers
may serve as four-wire synchro systems where accuracies of the order of "

several minutes are required. Large diameter units, having many poles,

which can be regarded either as resolvers or synchros, sometimes called
"pancake units, are frequently found as transducer-type sensors. Sixty- .. .71

cycle resolvers as well as 400-cycle resolvers are available, the former

being considerably larger than the latter. Resolvers are also available for

application up to many kilocycles. A,
(2) Errors..""'.,

The resolver is particularly well-suited to mea-

surement of a limited angular travel. The absence of resolution steps

makes it possible to detect motions of dhe order of several seconds of arc.

Many errors that arise as a result of mechanical irregularities such as

eccentricity of rotor and stator, ellipticity of the critical magnetic air gap

surfaces, or similar departures from ideal, may be balanced out over a

small angular range by careful trimming and adjustment of scale factor.
This is feasible because errors from these sources vary slowly and mayhe b,.-.-

assumed constant or linearly varying over small ranges.

For small angle applications, the most serious error

is shift in the axis or null point. The axis drifts as a result of changing con-

ditions, primarily temperature. Drift of the order of one minute of arc is N

not uncommon. Where the total angular span is of the order of several de-
grees, drift may be a significant portion of the overall error.
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Additional angular errors resulting from slot

harmonics within the resolver air gap also occur. Although by careful

winding design, it is possible to reduce most air gap harmonics to zero, L -

slot harmonics can be reduced just so far, the minimum error depending

roughly on the inverse square of the number of slots. In small resolvers

with few slots, these harmonics may introduce as much as a minute or

two of error with consequent angular inaccuracy. Scale factor or output

voltage per unit displacement may vary, introducing additional error.

While scale factor may be trimmed to an exact

value for a given set of operating conditions, variations in temperature,

line frequency, and to some extent input voltage, will cause changes.

Temperature errors, the most troublesome, are frequently compensated

by the use of thermistors. In many instances, although not particularly

in transducer applications, booster amplifiers employing feedback com-

pensation are used to maintain constant input-output phase shift and

scale factor over varying conditions.

A particularly troublesome source of error for

small angular ranges is residual voltage, occurring in all electromagne-

tic components. Residual voltage appears at the null position and deter-

mines the maximum gain to which the control amplifiers may be set

without saturation. Residual voltage includes both fundamental and har-

monic components. Various circuits have been devised to cancel out the

former. Harmonics are minimized by selecting optimum magnetic ma-

terials, operating these at very low flux densities, and maintaining large.

air gaps. Filtering provides further attentuation, but attention must be

given to avoid time delays which can affect system stability.

Table 2-3 summarizes the errors that can occur

in electrical resolvers. These are typical of errors found in all magne-

tic-type pick-offs. This classification of errors is required to prepare

an accurate specification by avoiding over-specifying certain aspects of

pe.rformance hile ignoring • . ,others. For evanple noe froim Ole thtale

the effect of varying input voltage on the transmission ratio of the resolver.
This varying input voltage varies magnetic core permeability and conse-

quently, the main coupling reactance, changing the resolver transmission
ratio. While booster compensation can correct this, boosters are bulky

and expensive and i.ntroduce considerable circuit complexity. However,

other methods of resolver compensation cannot correct this particular

error.
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Table 2-3. Sources of Errors in Electrical Resolvers

NMi'aligni,,cnit of ae, ,of 'coil., due i) iimperfect"-gct')ll|w"try . .

Slowlh -iz r i eig Crror', *ihin to inp er,-fect goilitn' tr..
•nriation f tcnui-i ii•siun• ratio -ilh iilih'i vlied "oltage.

Temnperaitlre error-, primaiiry cOpijli'r i(-i',1llilt'-

Frequency errors, trasisnui•_j ratio anti pliiiase, as with
an,, transformer.

Angular inaccuracy, resulting front imperfect intui.oi-
eillity of infdimngs.

Application errors, due to unbalaniced or non--tandairdt
loading, primary impedance unbalance, pick-up, etc.

,N...~

(14

Figure 2-19 shows the variation in transmission
ratio as a function of applied voltage for a typical resolver. At very low
input voltage where the magnetic material permeability approaches its

oilN

VARIATION USLIIA1LY A SMALL FRACTION
OF A PERCENT

too

M REDUCTION DUE

TO LOW iNITIAL
P a PERMEABILITY OF REDUCTION PUF ToSCIRCUIT IRON SATURATION OF

S CIRCUIT IRON

APPLIEO VOLTAGE -

Fiar 2-19, V ar iation o- F Transmnission Ratio with- Applied

Voltage as a Result of Iron Nonlinearity

initial value, transmission ratio variation is most pronounced. At the

high voltage extreme, saturation sets the operative limit. By restricting
voltage range and using very high permeability alloys, such as Supermalloy,
it is possible to hold these errors to acceptable limits. Where transducers s

operate at essentially constant voltage, this problem does not exist.

-S,•,i% NI
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Note that the resolver has an error unique to
itself, namely the alignment of the axes of the different coils. These L .1
axes should be precisely 900 apart. Achievement of an exact 90' is
very difficult. Auxiliary trimming coils have been used with some sue- "
cess. Axis alignment is affected by line voltage variations as the
changing magnetic core permeability causes a corresponding though
small. shift in the flux axis. Because axis alignment is difficult to con-
trol, and because not all resolver applications require four active coils,
it is often economical to classify production resolvers in accordance
with the number of properly aligned windings. Thus, a grade A resolver
might have excellent alignment while a grade C would have poorer align-
ment of axis. Grade C units mnight be used where only one input and one
output winding are required, so that axis misalignment causes no deteri-
oration whatever in quality of performance. This is strictly for economy,
and complicates stocking of spare parts.

d. Induction Potentiometers (Ref. 132)

(1) General

Induction potentiometers belong to that family of
rotating components that include synchros and resolvers. They are dis-
tinguished by their single input winding and single output winding. Where
additional windings arc provided, they are used solely for balancing ima-

pedances, and do not have a directly functional role. Although they are
used principally as a computing element, we consider here their use only
as a transducer. Their linear output voltage versus shaft angle charac-
teristics provide high accuracy, good stepless resolution, and particularly
good performance in comparison with conventional potentiometers for
equivalent diameters and angles of rotation. An important characteristic -
of the induction potentiometer to note is that its output impedance is not .- ''.

constant with the result that loading affects angular accuracy.

£-Cgure C.4V bilW tb LIM; pJiiuriIiaic 01 tOf ue I UcLonC ".-i

potentiomneter indicating the nature of the magnetic field, the relationship
between input and output windings, and one technique whereby a linear
function of shaft angle is achieved. Other combina ions of windings, not
described here, achieve a similar result. Although capable of infinite
rotation, the induction potentiomneter operates over a limited angular ..--

132 Ibid., pp. 58-59
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/ • •"-•.• PRIMARY COIL ,,'

STATOR

OUIPUT

SO~~~(N SIERIES . ",

POLE ROTOR• / ~~STRUCTURIE""

(The air gap flux is distributed uniformly in
the salient region of the rotor structure. Thus, "
in the position shown, the primary to secon-
dary coupling will vary linearly with rotor

shaft position.

Fig. 2-20. Relationship Between Windings and Magnetic Field

in an Induction Potentiometer, to generate a linear voltage-

displacement characteristic.

range. The circuit shown in the figure covers a useful angle of about

60 to 70". Accuracy deteriorates badly for angles beyond this value.
Induction potentiometers have been devised with operating angles up ..
to double this figure, but they exhibit other performance limitations.

(2) Refinements

To illustrate more specialized techniques required ,i
for good performance in transducers of this type, noLe the following in -
Figure 2-21: L.•

1. To achieve a square flux wave, a special

booster coil is provided in the center of
the main coil to raise the flux level where
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/• NO~T S,:OWNI
SITATOI? (OUTPUT COILS """'

S'"0
ROOSTER COILS'R(2 REQ'D) TO %"ow•

SLIGHTLY BOOST• FLUX IN CENTER "''

Oy POLE WHERE',A DIP NATURPALLY

OCCURS DUE TO
LONGER MAGNET-

MARY WINDING

MODIFIED ROUND
ROTOR STRUICTURE

SHORT CIRCUITED
OUADRATURE WINDING.
FOR MORE UNIFORM
OUTPUT IMPCDANUE

Fig. 2-21. More Complex Induction Potentiometer Circuit,
% showing refinements required for good performance.

the normally greater reluctance of the
magnetic path tends to produce a dip in
flux density.

Z. A pair of balanced secondary windings is
provided 90' apart. Dy symmetrically
loading these windings even when only one
output is required, the primary impedance
becomnes far less sensitive to loading with
greatly reduced linearity error from,. this
source. '.l

3. A symmetrical second wii-ding is provided
on the primary structure 90' from the in-
put winin g. -1 windiUg is normally

short-circuited providing some of the bene-
fits described below.

With a single primary coil, the output impedance . -

varies from a minimum, when the coil is coupled directly to the output
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wninding for -maximumi output, to a m-aximumi 90'> away. Use. of a short-
circuited quadrature winding minimizes impedance variation so that the

output impedance is a nmaximum at 45'. Variation in output impeda.nce-
is reduced by this means by 3, 4, or 5 to 1. Where a limited angular
travel of about 45' is required, a properly distributed winding at 90'_

to the main winding, distributed approximately sinusoidally, results

in an output impedance independent of shaft position.

An additional benefit of the shorted quadrature

windings on the primary structure (both in the induction potentiometer

and the resolver) besides rnaintaining output impedance constant, is

the reduction in flux axis shift due to housing distortion, mechanical

dissymmetry, temperature changes,and aging. The shorted quadrature
winding cancels quadrature flux resulting from dissymmetry by genera-

ting flux bucking currents.

(3) Applications

Application of the induction potentiometer is very

similnr to application of the resolver as a transducer, except that here,

as a result of the linearity characteristics, a much wider angular range

can be covered. Induction potentiometers possess long life, s ry low

ui•r, a btepil&• uutpLtL,aUld cain operate at very high speeds. Very im-_ ,
portant application in the computing field is not covered here since we

are confining our topic to transducer applications. As with resolvers,

the effect of changing air gap reluctance, as a result of iron permeability

variations with temperature or flux level, the effect of frequency shift,
temperature effects on the copper winding, etc. , are very similar to

those p:.eviously discussed. Thermistor compensation is a convenient

method for correcting temperature errors in incauction potentiometers.

e. Electronic Displacement Transducers -'

(i) Moving Anode Transducer

The plate current in a space-charge-limited va-

cuum tube is- a function of the electrode geometry. Small displacements

can be measured with a triode system as illustrated below. A device of

this type is the Mechano-Electronic Transducer, RGA Tube 5734, illus-

trated in Figure Z-22. The cathode and grid assembly are held in a
fixed position within a vacuum-tight envelope, the anode is supported by
a rod which extends through the center of a thin metal diaphragm sealed
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* I FLEXIBLLv

METAL OPERATING
DIAPHRAGM SHAFT

MOVABLE GRID
ANODE-

METAL SHELL CATHODE
CONNECTED

"TO ANODE

Fig. 2-22. Moving Anode Transducer

to the tube envelope. An angular displacement of this rod leads to a var-
iation of the plate current. The transfer characteristic is linear wit-in
about 2%. The maxdmum permissible displacement of the rod is tO0. 50.7
about the zero position. For this displacement, a torque of 13. 3 g-cm--
is required. The momernt of inertia of the moving system is 3. 4 m .g-cmz.

Sfrequency csp<- 'rnsc linsi nA by the mnechani.cal resonance of the part 2
of the plate shaft within the tube, which is about 12, 000 cps. The tube is

generally operated in the bridge arrangement shown in Figure 2-23.

75K SET,

OUTPUT ZERO lOOK

7-? 3-

Fig. 2.-23. Circuit For RCA 5734 Transducer
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The maximum displacement of the anode rod
by 0. 50 results in a variation of the output by -+20 volts. Mechano-
electronic transducers are delicate, both mechanically and electrically.

(2) Ionization Transducer (Ref. 133, 134)

A dc voltage of considerable magnitude arises
between two electrodes in contact with a gas discharge caused by a radio
frequency field. Thi s principle gives rise to a transducer system which
permits conversion of mechanical displacements and capacitance changes.._
into electrical signals.

A glass tube filled with gas at a pressure of about
10 mm Hg and containing two electrodes is brought into an electrical
high-frequency field between the plates PI and P 2 of a capacitor, as shown
in Figure Z-24. If the field is sufficiently high, a glow discharge will a-
rise in the tube. The two electrodes A and B act as probes in the discharge; -7.
their potential is determined by the space potential of the plasma surround-
ing each electrode and by the rf potential induced by their capacitive coup-
ling to the plates PI and P 2 . In the symmetry position, the net charges of
both electrodes are equal, so that their potential difference is zero. Out-
side of the symmetry position, the charges are different for each electrode
and give rise to a dc potential difference. The transfer characteristic, i. e.
the output voltage Eo versus the displacement S, is illustrated. Potential
difference can reach values of more than 100 volts, and A E/A X, can

0
reach values up to several volts per micron of displacement. For technical
reasons, operation between 0. 1 and 10 mc is recommended. Accurate
frequency stability is not required for the operation of the transducer.

The preceding circuit arrangement is useful for
displacements up to about 1 mm. Other arrangements are possible for move-
ments up to several inches.

133 Decker Technical Bulletin No. 01, The Decker Corporation, Bala-
Gynwyd, Pennsylvania.

134 Lion, Kurt S. ,"Mechanic -Electric Transducer," The Review of
Scientific Instruments, Vol. 27, (April., 1956), pp. 222-225. '
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I DISPLACEMENT (b)

ax

Fig. 2-24. Ionization Transducer

A circuit for measurement of capacitance is
shown in Figure 2-25. This circuit and a variety of probes are comnmer-U
cially available from the Decker Corporation, Bala-Cyniwyd, Pennsyl-
vania. The transducer is excited by two external electrodes. The in-
ternal probe electrodes are connected to one of the external electrodes
through a differential capacitance. Every variation of this capacitor
causes a corresponding change (as high as +60 to -60 volts) of the out
put voltage. Capacitance changes of l T1 5 Farads or motions of

inches are readily measured.

By capacitively coupling the appropriate probe
to the a vibu l c rovigui atIOh i iDeI er11Cop rt n BaClfla-Cynwyd Ofnns yl-e'v .11 g

parameters may be made: capacitance, pressure, vibration, proximr-ity,
rotation, weight, liquid level, speed, temperature, thickness, strain,
force, humidity, and displacement. -
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SIGNA OUTPUT

Fig. 2-25. Capacitance Measuring Circuit

(3) Radiation Tracking Transducer (Ref. 135)

This transducer is a single-element photovoltaic

device that detects position of visible to near infrared radiation simultan-
eously in two axes. Coupled with a lens system, this solid state compo-
nent is capable of detecting angular position of a radiation source. An
example of its operation is depicted in Figure 2-26. A uniform spot of

LIGHT SPOT POSITION Case No. I
Case No. I Vx 0; Vy 0
Case No.2 2.L
Case No. 3 a Case No. 2

-*1 Vx = a; Vy

,4 bCase No. 3
*4L ¾- ix =-a; vy =a-b .

-b

Fig. 2-26. Example of Radiation Tracking Transducer Operation

135 "Radiation Tracking Transducer XY-20, " (company brochure),
Micro Systems, Incorporated, Pasadena, California. '--
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light focus-tc on the centci of the cell produces zero output. When the

spot is pc s;t.c.,eld o'f cenf cr in the X or Y axis, a voltage output is pro-
CIuced ;,t the X. o- Y te, u'rminals proportional to the degree of displacement.
Whe:'-, usei ith a light source and a reflecting or masking member, the

transducc!r 'anr 1,c adapted to such applications as vibration in two co-
ordi.nat:es, accefleratieon in two co-ordinates, pressure, angular position,
strain, and liquid or gas flow.

f. Mechanical.-Optical Transducers (Ref. 136

Mechanical displacements can be converted into electric

signals 1 y optic-electrical means, for instance, by an arrangement con-

sisting of an illuminated slit and a photoelectrical transducer; the moving

object obscures a part of the slit and causes a variation of the light inten-

sity reaching the photoelectrical transducer, and hence a variation of the

transductir output.

An arrangemeent of this type which may be used for the con-

Yersion of rotary displacerncnt into a digital output is shown schematically
in F."igure 2,-27. An optical system produces a number of parallel light

MULTI - ]-EM NJ !// CYCLIC-BLNARY

;--•--_ •REA[•OJI

LiGHT RAY!, D AND sIGrA: ,, i,"
L9M •.EVLiL (TRI kR VOLTAkE•)

O-'UTP•-r" { LIGHT SOURCE'• ..
S•1 IG NAL_ h (ST ROBE LAM/,)

LELECTRODE ","CDE, E L R'

Fig. 2-,27. Shift Position Encoder

136 Lion, Kurt S. , Ins'trurnation in Scientific Research (Electrical

Input Transducers), New York. McGraw Hill Book Go. , Inc., 1959,
pp. 89-90.
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beams which are directed upo.' zorresponding photo tra.nsducers. The
light beams traverse an encoder disc with transparent and opaque seg-

ments. Depending upon the position of the disc, some of the light beams
will reach the photo transducers and cause an output signal; the result

appears in binary digits (e. g., 1, 1, 0).

An encoder disc with thirteen concentric arrays of segments,

for thirteen-digit information, is shown in Fi ure 2-28. " A disc of this

type gives a different output for each of the Z'3 possible configurations,

MW

Fig. 2-28. Encoder Disc for 13 Digits

i. e., it furnishes information of the angular-disc position with an accuracy - -

of 360O/89iZ, or an angle of about 0. 044*. Systems cd this type have been

built with discs of 10" diameter having up to seventeen concentric segments.
An accuracy as high as ten seconds of arc has been obtained. Instantaneous
reading of rotating discs is accomplished by pulse operation of the light
source.
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g. Electrolytic Potentiometers (Ref. 137, 138)

These devices sense displacement from the horizontal .
and are sometimes referred to as electrolytic switches and gravity-
sensing electrolytic potentiometers. Their basic construction con-

sists of a small sealed cup with two or more electrodes in contact
with an electrolyte which partially fills the cup. Two configurations
are shown in Figure 2-29.

Air Bubble

Electrode A Electrode B

Electrolyte Electrode C

Fig. 2-29. Electrolytic Potentiometers

in the level position, the electrolyte covers an equal area
of each electrode. As the switch is displaced from true horizontal., the
amount of electrolyte covering the electrodes increases on one side and
decreases on the other, creating a differential resistance or conducti-

vity. When a given ac voltage is applied across the unit, a differential
current flow is created through the electrodes, proportional to the de-
viation from level.

Two single-axis potentiometers may be mounted at right

angles to one another in order to reference the horizon in two planes;
however; the two-plqnp fe.fure can h;i bilt h ,• into nn. in by employ in.
four electrodes. Operational schematics of single-axis and dual-axis
units are shown in Figure 2-30.

137 Product Data Sheet 118-3, Lear, Incorporated.

138 EP 1012 Data Sheet, Hamlin, Incorporated.
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Electrode 
Electrolyte 

Electrode 
""Electrolyte 

-'

0t 

d

Case2

Single - Axis Dual - Axis ,V,

Fig. 2-30. Operational Schematics of Electrolytic Potentiometers

The electrical rating of such units is determined principally
by their ability to dissipate heat, and the amount of bubbling at the elec-
trodes that can be tolerated. As the applied voltage is increased, bubbling
at the electrodes increases; ann an electrolytic pull operates on the air

bubble to decrease the stability of the potentiometer resistance, particu- • ,
larly near the zero tilt angle. .

When dc is used, the electrolyte slowly polarizes, causing

delay in reaching a stable condition. In general, the operation is much
better when ac is used.

2-3 MEASUREMENT OF STRAIN •

a. Introduction (Ref. 139)

In telemetry engineering, the measurement of strain is per-

formed through use of electrical strain gages. Therefore, this discussion
is limited to such gages and excludes all purely mechanical methods for
determining strain in materials and structures.

139 Aronson, M. H. and R. C. Nelson, Strain Gage Instrumentation,

Pennsylvania: Instruments Publishing Co. Inc. 1958, pp. 1-5.
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The strain gage has importance as a telemetry transducer

for two reasons. First, it is a basic transducer in its own right for mea-

surements of strain. Second, numerous other transducers, notably the

pressure gauge and accelerometer, often employ a strain gage as the

electrical pickoff. Since this discussion is primarily concerned with

strain measurements, the use of strain gages in other types of transducers
is not covered in the following paragraphs.

* Strain gages are transducers that are applied to the surface
2 of materials in order to sense the strain of the material. The strain gage

is elongation sensitive; that is, its electrical properties change propor-

tionately to the elongation of the gage. Strain elongation (of the gage and

the member on which it is mounted) is usually small as long as the applied

stress does not exceed the elastic limit for a material. Stress is, by

definition, the applied force (F) divided by the cross-sectional area (A) of

the member:

Stress = F/A (2-2)

An applied stress produces a strain (dimensional change) in

the mraterial. The relationship between stress and the resulting displace- '."

ment is defined as Young's Modulus(E) where:

E = unit stress/unit strain (2-3)

With stress expressed in pounds per square inch and strain

in inches per inch, E has a value of 30, 000, 000 for steels. Thus, a stress

of 15, 000 psi in a steel member produces a strain of only 0. 0005 inch per

inch of length. If it is desired to measure stress of 4, 000 psi with an ac-

curacy of 1%, the strain gage must be sensitive to an elongation of 1. 3
millionths of an inch per inch of gage length.

The most common form of strain gage consists of a short

t-'1~- A .~. rSn IIIlathalr
length of small-diameter (appruxinnaLely U. 001

sistance. To keep the gage length short, the wire runs the length of the

gage several times. To simplify its mounting and to protect it, the wire is

cemented between two thin pieces of paper. To apply the gage, it can be
cemented to the member to be tested; this is a bonded resistance-wire

strain-gage.

Recently, the semiconductor or "solid state" strain gage has "

become available. This operates on the same piezoresistive effect which
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S. 44

applies to metal strain gages. This effect is the name given to the ,

change in electrical resistivity of a material due to applied stress.
Scientists at Bell Telephone Laboratories and the Case Institute of

Technology several years ago noted that when a semiconductor crystal
is subjected to tension or compression, it undergoes & sharp change

in resistance. In 1953, the piezoresistive coefficients of Germanium

and Silicon were determined and found to be extremely high. (Gage ',
factors up to 175 as compared to Z to 5 for metallic wires.)

Strain, in engineering usage is defined: 1"K -:

Strain = change in length/original length *•

S A L/L (Z-4)

Strain gages indicate strain indirectly -- that is, the
length change is measured in terms of a resistance change. The me-
thod, although indirect, is precise -- accuracies to 0. 1% can be ac- Law
hieved. Coupled with this accuracy is great application flexibility.

When the test member is strained, so is the bonded gage.

As the wire is strained, its electrical resistance changes. This re-
sistance change is directly proportional to the strain in the wirc, and

the strain in the wire is directly proportional to the strain in the rnem-
ber.

Strain in a test member (S) is defined as A L/L. The unit
resistance change that the strain produces is defined as A R/R. The
relation between the unit strain and the unit resistance change is defined

as gage factor (G). That is:

A R/R A R/R (25)
G= < A- TTAL

The gage factor (G) is the conversion constant between strain

and gage resistance, and depends.on the type of material used for the
strain-gage wire. Manufacturers maintain close control on wire compo- .... :-'
sition, but the measured gage factor, stated on each package, should be ,. .-

used in all calculations. Table 2-4 gives some gage factors and tempera-

ture coefficients.
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Table 2-4. Typical Average Gage Factors
and Temperature Coefficients

Material Temp. Coeff.
Gage Factor of Resistance

ohms/ohim/nG

Advance 2. 1 0. 0001 0
Chromel 2. 5

Constantan 2.0 0. 00001

Copel 2.4

Isoelastic 3. 5 0. 00047

Manganin 0.47 0.00001

Monel 1.9 0. 002

Nichrome 2. 5 0. 0004

Nickel -12. 1 0.006

Phos. Bronze 1.9 0.002

Platinum 6. 0 0. 003

b. Basic Circuit
°-4,

The basic strain gage is merely a wire whose resistance is

directly proportional to the strain in the wire. When bonded to a member,
this effect provides a direct indication of the strain in the member itself.

This resistance change is made to yield a uscful output by employing the

strain gage in conventional resistance measuring circuits.
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At its most basic level, this circuit takes the form of a potertiometer as ___--'-

shown in Figure 2-31. However, the most commonly used circuit is that

of a Wheatstone bridge.

GAGE R g Eg
E

Fig. 2-31. Strain Gage in a Potentiornetric Circuit

There are several disadvantages to the potentiometer circuit
which make it unsuitable for most applications. Since A Rg is small corn-
pared to Re, A E, will be small compared to Eg and its nmaburemenr is
difficult. The static component E may be removed by a bias voltage or

g
capacity coupling; however, neither approach is desirable. The bias volt-
age represents another error producing factor and the use of a coupling
capacitor limits low-frequency response. In this circuit, the temperature
coefficient of resistance of the gage and R 1 produce direct errors, another
undesirable aspect.

c. Wheatstone Bridge

(1) General

Since the disadvantages of the potentiometer circuit

can be eliminated in the Wheatstone bridge, its use has become standardized
in the application of strain gages. To obtain temperature compensation from ,'
the bridge, two or four active arms are necessary. An indirect advantage
of this is the increased gage sensitivity which is obtained through the use of "

more than one active arm.
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Figures 2-32 and 2-33 show the two common
Wheatstone bridge circuits in simplified form. R and R 4 of Figure 2-32 .'

are dummy resistors necessary to complete the bridge circuit.

Since slight differences in the resistance of gages
or dummy resistors may exist and a small strain unbalance is likely (when
the gage is mounted), a method of producing an electrical zero is required.
This is accomplished by a balancing potentiometer (RB) and isolation re-
sistor (RI) as shown in Figure 2-34. The balance potentiometer must
enable the zero output condition (RlR 4 = R 2 R3) to be obtained. A method
of adjusting full-scale output voltage, or bridge sensitivity, is desirable
and commonly accomplished by the use of a resistor, fixed or variable,
in series with the bridge power supply, shown in Figure 2-34 as RS. V4-

A calibration resistor (Rc) and switch (Sw) are also
shown in Figure 2-34. The most desirable method of system calibration
from the standpoint of absolute accuracy, is to apply a known input of
strain to the instrumented structure. IHowever, this is not always prac-
tical for pre-flight and in-flight calibration. Therefore, an electrical
calibration is frequently, employed by shunting one active arm of the bridge
to simulate the known resistance change caused by a particular mechanical
input.

An accessory device, usually referred to as a

"bridge balance and calibrating unit" has become an integral part of strain

gage systems. These devices house the balance potentiometers and sensi-
tivity adjustment resistors for a number of channels (up to 24) ini a self-
contained unit. Provision for dummy and calibration resistors is also pro-
vided. Calibration is accomplished by the switching of calibration resistors
across one arm of the bridge. In more elaborate units, this is performed
automatically with a stepping switch to provide in-flight calibration. Balance
and drive voltage meters are sometimes provided, as well as series or shunt
galvanometer damping resistors.

There are two basic applications of the Wheatstone LAO
bridge to consider; the case where the bridge output drives a high impedance
intermediate load such as an amplifier, and the case where the bridge drives
a low impedance measuring device directly, such as a galvanometer. .y -
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Fig. 2-32. Wheatstone Bridge With Two Active Armys

]DriveQ

Fig. 2-33. Wheatstone Bridge With Four Active Arms
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RB 3

-- 0 0-

Frig. 24.Srai aeBig n Etra icir

WADD I 6bRI

V OLT i{E I 

9

-G - - - - -
-R . - -

..- w - .thRx'.<:--;-.n *I4



(2) High Impedance Load

The typical high impedance load for a strain gage

is a voltage amplifier to provide sufficient outpct to drive a voltage-con,-

trolled subcarrier oscillator or other voltage sensitive telemetry system

input. Strain gages are frequently subconmnutated, or sampled since

the frequency of information is usually quite low. Because it is difficult

to directly subcommutate or multiplex the low-level signals from a strain

gage, amplification is usually required. .

Referring to Figure 2-32, it will be assumed that

R= R 2 and R 3  R4. This is the usual case to allow the bridge to be con-

veniently balanced. In the case of the bridge with four active arms (Fi-

gure Z-33), all arms are usually of the same resistance. Gages of matched

gage factor and resistance are usually employed.

For two active arms, the open-circuit or high im- ,

pedance load output voltage from a Whcatstone bridge is -.

Eo - (AE(AR) (2-6)k

where

=i R 2  R

AR 1 = AR? = AR

E = Drive Voltage

Fot four active arms, the open circuit voltage is

B0  AR
E= B (__->. (2-7)

where R j =
RI =R? R3 R4 R

AR =ARj2=ARyAR4= R

E drive voltage
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When the above equations are combined with the
strain gage equation,

AR/R (2-5)
AL/L (2-5)

a more useful expression for output voltage is obtained:

E GENS (2-8) ,
0 '

where
G = gage factor

E drive voltage .

N= number of active arms

S A L/L unit strain

(3) Low Impedance Load

When a bridge is used to directly drive a galva-
nometer or other low impedance device, the output voltage equations must
be modified. Galvanometers having sensitivities of greater than 1 milli-
voi' per inch deflection are common; therefore, multichannel oscillographs
represent useful strain gage recorders. However, galvanometer coil re-
sistances are very low, usually less than the resistance of the strain gage
itself. Their load effect on bridge output must be taken into consideration.
This can be done by employing the folLowing equations which apply to the
case of four equal resistance arms.

EL (249L'2'-9)E (L \RL + Eo ,

or

IL (= l ) E (2-10)

whe re
Y- voltage across the load

L

IL current through the load

RL load resistance
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To maintain optimum galvanometer frequency

response, the galvanometer damping must be correct. In many cases,

through careful selection of the strain gage and galvanometer, the

damping offered by the characteristic resistance of the bridge itself
will. be correct. In this case, no additional series or shunt galvanometer

damping resistors are required. However, if it is necessary to employ

damping resistors, their effect on bridge output must be taken into ac-

count.

(4) Calibration Resistor

As previously mentioned, a calibration resistor

may be employed. By shunting one arm of the bridge, any percentage of

full-scale output can be obtained. It is general practice to calibrate at

the level of maximum anticipated output, or at normal full-scale output .

Calibrating in this manner can minimize errors due to drive voltage drift

and galvanometer sensitivity inaccuracy. The following equations give the
value of Rc in terms of equivalent strain:

sR u R o ta (2-1 IA)
I -GS : "-

(2-1uelyeialto tine vaue
in terms of output voltage: Li-S

= -~ (2--lZA

or
RC =R( - 1 (2-12B)

(5) Spe~cial Applications

(':ertai.n special purpose devices have been designed

to directly accept strain gagle ouputs and to provide an internal drive volt-

age. The drive voltage, in tbcsc cases is usually ac and consequently, the
impedance of the bridge is not a.lways purely resistive. However, the pre- - -

ceding equaati.ons generally apply since reactive components are usually
balanced.
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A relatively common telemetric device which

operates directly with a Wheatstone bridge circuit is the strain gage sub-
carrier oscillator. These are usually phase shift oscillators wherein
the bridge output provides the frequency controlling feedback. Some ver-
sions of this device have automatic compensation for the effects of shunt
capacity in the bridge and leads, while others require external neutrali-

Zation.3

There are also time-division telemetry systems

which will directly accept strain gage transducer inputs. The multiplexer
of these systems is designed to provide an ac drive, usually synchronized

with the sampling rate, through the use of a polyphase transformer with
separate drive windings for each input channel. External neutralization
is not usually required.

One of the most common ac techniques is the sup-

pressed carrier system. This approach usually provides the same results
as a conventional bridge and dc amplifier (i. e. , dc output at a relatively
high level); however, it avoids the difficulties of dc amplification. In this
system, an ac drive is provided and the bridge output is amplified, detected,
and filtered to produce the desired dc output. --.-

d. Wiring Standard

Figure 2-35 shows a standard wiring diagram and color code . u..
for strain gage type transducers, recommended by the Western Regional
Strain Gage Committe (1052 West Sixth Street, Los Angeles 17, California).
This recommended standard has evolved from an extensive survey of users
and manufacturers and reflects the preferred color coding of a majority of
the major users.

2-4 MEASUREMENT OF PRESSURE

a. Force Summing Devices

From basic physics, force is equal to the product of pressure v j
and the area over which pressure is exerted. In the telemetering of pres-
sure and vacuum, certain mechanical elements are generally used to con-
vert the applied force into a displacement; however, the displacement is not
always a linear function of the force (or pressure). These mechanical ele-
ments are often referred to as "force summing devices. " Those which are ..-

commonly used for converting pressure into displacement are listed below
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o- 2/.1. fL +Output - -;•?: =
PRIMARY

SGAGEW IRING
BRIDGEW7 Whlie 3/C -Outpuit

Bý 
N 31 

Black- 
4/D -Input 

• .:: '

6/FAUIIR

WIRING

'W%' hi t CW - Ye llo w /G

W-B
White -Black

Approved: 9-18-57 9/1 SHIELD - See Note 4

Revised: 5-6-60
CONNECTOR

1. The direction or position of the function producing a positive output

signal shall be indicated on all transducers.

Z. The bridge elements shall be arranged so that functions producing

positive output will effect increasing resistance in arms 1 and 3 of

the bridge.

3. Wherever possible, tension, elongation, increasing pressure, or

other generally accepted positive quZntities shall produce positive

output signals. Exceptions: compression load cells and vacuum gages.

4. For shielded transducers, pins 5, 7 and 9 shall be shield terminals for

4, 6 and 8 wire system-s respectively.

The following mnarkings are suggested6

+ Tension Load Cells, Universal Load Cells, Micrometers, etc._. --

-4 Compression Load Cells

_.• Accelerometers and Flow Meters

+ Torque Transducers-

4 Differential Pressure Cells at the port where the higher pres- -:

sure causes positive output signals

Fig. 2-35. Transducer Wiring Standard for Resistance Strain

Gage Systemns. (Prepared by the Western Regij'onal Strain Gage

Comrnittee.
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and illustrated in Figure 2-36.

1. Diaphragm 3. Bourdon Tube

a. Flat a. Circular

b. Corrugated b. Twisted

c. Capsule

2. Bellows 4. Straight Tube

la lb 'C

II ~4
3a

--- PRESSURE I

S--DISPLACEMENT

Fig. 2-36. Force Summing Devices

S* n -;1aplira-gir15 (Ref. i40)

A diaphragm is a flat or convoluted surface, usually

circular, bonded at its outer circumference to a circular support or another

1.40 Pressure Transducing and Instrumentation Techniques, Vol. 1,

Book 1, WADD Technical Report 59-743, p. 113. AD 251111
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diaphragm. The convoluted form usually consists of a number of convo--
lutions of radial symnmnetry. Such diaphragms can be used singly or in

pairs. When used in pairs, by bonding together two diaphragms at their 6
Souter circumference, the resultant assembly is called a capsule. One

or more capsules may be used together to obtain a desired stroke. The

"deflection of a capsule is slightly more than twice a single diaphragm,
since the rim is not restrained radially.

(2) Bellows (Ref. 141)

A bellows is a cylindrical pressure element

which contains a large number of convolutions along the length of the

cylinder. Relatively stiff end plates are usually provided to close off

the ends of the bellows and make it airtight. The cylindrical convolutions
provide an infinite number of springs along the length of the bellows, pro-
viding a much lower spring rate along its length than across the diameters.

As the pressure inside the bellows is increased, it

tends to expand along the lines of least resistance. In this case, the line
of least resistance is along the length of the bellows. The internal pr( 3-

sure acting on the end plates tends to increase the length of the bellows
until balanced by the stresses along the length of the cylindrical springs.

Since the spring rate opposing the increase in diameter is large with res-

pect to the spring rate opposing the increase in length, the small increase
in diameter is neglected in most cases and the increase in length utilized.

(3) Bourdon Tube (Ref. 142)

A Bourdon tube is a length of tubing whose cross-

section is some shape other than circular (usually flat-oval) and whose
length has been deformed into a curve predominantly in the plane of the W

smallest cross-sectional dimension. The simpler and more common form

of Bourdon tube has a constant radius of curvature along its active length
and covers an arc length of less than 3600. In some cases, the tube is

fixed at one end and the stroke nieasured at the other end, and in other Case

the tube is fixed at the middle of its active length and the movement between k •
the two free ends measured. In order to get more active length of tube and F " 7

therefore more stroke, the tube can be made in the form of a spiral with a

141 Ibid., p. 114.

14Z Ibid. , p. 110.
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continuously variable radius of curvature and an arc length of well over
360°, or in the form of a helix with a constant radius of curvature and
again an arc length of well over 360*. Both. of these designs have the
same cause of change in radius of curvature as the plain Bourdon tube,
but since they havc more active length, the free end of the tube will
travel over a greater distance and give more stroke.

Since the cross-section of a Bourdon tube is not 2
circular, the introduction of internal pressure will tend to deform the
cross-section into a circle. In doing so, the smallest cross-sectional di-
mension will increase and the largest will decrease. A length of tube in
its unpressurized state has a given radius of curvature of the centroid of
area along its length and a given cross-sectional thickness along that
radius. As a result, the innermost line and the outermost line have given
lengths. If the tube is pressurized, these points will move away from the
centroid of area by some amount. The innermost line moving closer to -_
the center of curvature will. tend to get shorter and will have compressive
stresses set up along its length. The outermost line will tend to stretch
and will have tensile stresses set up along its length. These stresses are
resisted by the material of the tube to some extent and result in the opening
up of the radius of curvature and a movement of the free end of the tube.

(4) O llr TubegRe 143)x"""ue---

Also known as the "hollow tube," this is the only
force summing device in this discussion which has an initial circular cross-
section and therefore cannot deform into this shape. Instead, while under
pressure, the walls of the tube stretch and the diameter increases. The
deflection that is measured may either be the diameter increase or the in-
crease in circumference.

b. Conversion of Displacement to an Electrical Analog Signal

Force summing devices provide a displacement as a result of
their input pressure and it is nece,,rary that this be converted to an electrical
parameter which can be fed to, or sensed by, the input circuitry of a telemetry
system. The telemetry system may receive an electrical signal or may
"see" a change of impedance as a result of the displacement. Although some

143 Ibid. p. 111.

WADD TR 61-67
VOLI REVI 103

%-

N.-

N.L-•

Jl v < ': '/ " "° "" "• - v .: : : - : . -: .v : : '.- - - : . . . . : :> -. , . .-- ". o• ".- : '. . - : - . . . .: , - . , . .' \ -. -. P

• - * . , -, , , • . • • . . . . - .- . . - . . . . . . . .-.§ • . . , . - •-•



methods of measuring displacement have been covered in Paragraph 2-2 of

this section, it is the intent of this discussion to provide representative 0

techniques employed in pressure transducers.

(1) Potentiometer Types (Ref. 144)

The bellows and Bourdon tube generally have suf-

ficient displacement, as a result of their pressure input, to be suitable

for attachment to the wiper arm of a potentiometer. Changes in the pres-

sure cause a mechanical movernent of the bellows or Bourdon tube. This 2.

results in a corresponding change in position of the potentiometer's slider.

If the poteitiometer is supplied with a constant ac or dc voltage, its out-

put voltage also changes. When a bridge circuit is involved, the slider -'

position causes a variation in the ohmic value of one or more active arms.

The potentiometer winding in most cases consists

of a tightly wound coil of very fine wire. Its resolution is relatively coarse

since it depends on the ability of the sliding contact to distinguish contact

with one wire, the bridging of two wires, and then a one-wire contact, as

the slider moves across the coil. Windings with spacings of the equivalent

to 1, 000 turns per linear inch have been achieved. Deposited conducting

films on ceramics and glass have been employed in a few pressure trans-

ducers to give almost infinite resolution.

Figure 2-37 shows two pressure transducers which

utilize wirewound potentiometers (Ref. 145). These transducers require

an external voltage source. The output voltage produced by the motion

of the wiper arm may be supplied to a voltage controlled oscillator of a

FM/FM telemetry system.

144 Borden, Perry A. and Wilfrid j. Mayo-Weils, Telemetering

Systems, New York: Reinhold Publishing Corporation, 1959, pp. 130-131.

145 General Catalog and Transducer Handbook, Technical Bulletin

No. 75, Trans-Sonics, Incorporated, November 1960.
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(a) (b)

Fig. 2-37. Pressure Transducers with Potentiometer Pickoffs

Advantages and disadvantages of potentiometer
type transducers are as follows:

Advantages

(a) High outputb
(b) Simple and easy to use
(c) Relatively inexpensive
(d) May be used with ac or dc
(e) A wide range of non-linear functions is obtainable
(f) High electrical efficiency
(g) Amplification and impedance matching are gen-

e- ally unnecessary
(h) May be used for static or dynamnic measurements

Djs advantages

(a) Generally finite resolution

(c) Sensitive to vibration
(d) Low frequency response RR

.1(e) Relatively large displacements are required

(f) Large actuating force required
(g) Noise increases with wear

WADD TR 61-67
VFOL I REV 1 105



(2) Variable Reluctance Type (Ref, 146, 147), ,

An example of the use of a variable reluctance

pickoff in a pressure transducer is one in which a twisted Bourdon tube -

is the force surnming device. This is a length of hollow tubing which has

been flattened and twisted about its longitudinal axis. One end is sealed

and pressure is applied to the other. The open end is held fixed, but

the sealed end is free to rotate as pressure is applied. The tube untwists

when the pressure 4n it is positive and twists when it is negative or when

the pressure outside is positive. Thus, it can be seen that the tube will

respond to pressure or vacuum applied either internally or externally and

to the difference between internal and external pressures. Another varia-

tion is to evacuate and seal the pressure element, applying pressure only ;,'.

to the outside of the element, through the transducer case inlet. This is

the basis of an absolute pressure pickup. It is also practical to evacuate

and seal the transducer case and apply the pressure inside the tube.

A flat magnetic armature may be fastened to the p.

sealed end of the element so that it rotates with it, as illustrated in Fi-

gure 2-38. The rotation causes air gaps in an electro-magnetic circuit 14

to change, thereby changing circuit inductances. These inductances may

be employed as two active arms of a four-arm bridge as shown in Figure

2-39. Two of these arms are fixed by using the center tapped secondary

winding of an oscillator output transformer. The two active arms, shown

as L 1 and L 2 , are the coils in the transducer. The movement of the arm-

ature causes the inductance of Li to increase and that of L to decrease as

pressure is applied. The instrument is adjusted initially to a balanced -

condition such that the voltage drop across Ll is equal to the voltage drop
across L 2 . This results in an output voltage E. of zero volts in the ab- .

sence of an applied pressure. As the armature rotates, the voltage drop
across LI increases as that of L 2 decreases in proportion to the magnitude -

of rotation. Half the difference between these two voltage drops appears

as the output voltage at Eo. Working into an open circuit, this output volt- .

age is approximately 10% of the input voltage. .

146 Engineering Data Sheet 359-103, Daystrom-Wiancko Engineering

Company.

147 Engineering Data Sheet 359-104, Daystrom-Wiancko Engineering -

Company.
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,/SECOND E "-CORE AND COIL SET

-I 'lo'

ARMATURE -

-ELECTRICAL COIL

F ig. Z-38. Twisted Tube with Armature and Coils

EI I L E0 LoJL

Fig. 2-39. Inductance Bridge with Fig. 2-40. Inductance Bridge with
Two Active Arms Four Active Arms
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As illustrated by the dashed lines in Figure 2-38,
the transducer mnay contain four inductances which are used as four active
arms of the bridge circuit shown in Figure 2-40. Output voltage is approxi-

mately 20% of the input voltage for open circuit conditions.

(3) Variable Calpacitance Typie (Ref. 148) .

Variable capacitance transducers find their greatest
application in those areas requiring response to a wide range of frequencies.
Capacitive transducers have good response characteristics from zero up to
several thousand cycles per second,

Capacitive transducers are generally associated
with the mecasurement of small mechanical displacements and units may be
obtained for use at extremely low pressure ranges on the order of a few -
"microns. Measurements can be made in terms of microinches if desired
and can be highly accurate depending upon specific setup involving stray
capacitance effects, rnaximumn deflection, and area of capacitive plates. '-

"Their fast response makes them mdeal for applications requiring precise
time studies.

The capacitive transducer may bc used in any elec-

trical circuit where a change in capacity will affect the circuit. They are .
most commonly used in impedance bridge circuits or as the frequency de-

termining compon-ent in anl oscillator. The ruggedness of the capacitvc
type transducers makes them desirable in applications requiring shock,
vibration, and acceleration resistant units. These retain their calibration

well.

The basic mechanical configuration of a variable 2
capacitance transducer is shown in Figure 2-41. A plate on a flexible
metal diaphragm or bellows is mounted near a rigid plate and the edges
electrically insulated. Pressures aýe applied to each side of the flexible

diaphragm. The diaphragm responds to the difference between the two
pressures and moves toward the side wihere the pressure ib luwer. As the,
distance between the movable plate and fixed plate varies, the electrical

148 Pressure Transducing and Instrumentation Techniques, Vol. 1, ,
Book 2, WADD Technical Report 59-743, pp. 130 - 132. ADZ51112 -
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capacitance changes as a function of the applied pressure. The capa.ci-
tance varies as I/D, where D is the distance from the movable plate to , 9
the fixed plate. If changes in D are small compared with the nominal
value of D, the change in capacitance is approximately a linear function-.-
of pressure.

When used as a component in an oscillator cir-
cuit, the oscillator must be of a type that can be tuned by changing capa-
citance. Figure 2-42 shows a simple Hartley oscillator using a variable

capacitance pickoff as the frequency determining component. As the
value of capacitance is changed, the oscillator frequency changes propor-
tionally. Either static or dynamic pressures may be monitored with this
type circuit. A static pressure results in a constant displacement of the
diaphragm; therfore, a new steady state oscillator frequency is established.
Time varying pressure changes result in time vary.ng frequency shift of
frequency modulation.

2-5 MEASUREMENT OF FLUID FLOW

a. Volumetric Flow Measu'erement

The three basic types of volumetric flow meters are displace-
mert meters, velocit-y meters, and differential pressure meters. A great
variety of each type exists, the selection being dependent upon density, vis-
cosity, flow rate, and corrosiveness of the fluid to be measured. Meter
flow zange, pressure loss, monitoring technique, size, accuracy, reliability,
and cost must also be considered.

(1) Displacement Meters

A displacement meter is usually in the form of a
fluid pump which is run in reverse by the flowing fluid. When calibrated for
a fluid of a given density and viscosity, meter reciprocation or rotation is
•.Iectly p, UporLiUil tu tLine iluiu 1ow rate, and the sum of the rotations is a
measure of the fluid volume. Several of the more common displaccment
meters are discussed herein.

(a) Reciprocating Piston Meter

The reciprocating piston meter is essentially
the reverse of a double-acting reciprocating p,_imp. Although it is a very
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Fig. 2-41. Capacitive Transducer Configuration
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Fig. 2-42. Hartley Oscillator Using Variable Capacitance Transducer
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early style meter, practically all liquids can be metered satisfactorily
through suitable selection of fabrication materials. An error of 0. 2%
can be obtained down to virtually zero flow. To reduce wear and head
loss, large pistons with short stroke are necessary with the result that
the meter is inherently large in. comparison with many other types.

(b) Duplex Rotor Meter (Ref. 149)

The duplex rotor meter, illustrated in

Figure 2-43 has a greater flow capacity. The moving element consists
of two fluted rotors. The relative position between the two rotors is
controlled by two helical timing gears so that synchronized rotation is
obtained. There is always a small clearance between the helical sur-
faces so that no metal to metal contact exists. The sequence of opera-
tions is as follows: the metered liquid enters the measuring chamber
causing the rotors to move. A volume of liquid is momentarily isolated
from the outlet and inlet A further movement of the rotors allows the
volume of liquid to be discharged from the working chamber. Rotor
motion may be monitored and recorded by electrical or mechanical
means. A typical meter of this description, suitable for a three-inch
pipe, has an error of approximately 0. 75% from 41 gpm up to a maxi-
mum flow rate of 266 gprn and a pressure loss of about 500 psfd.

/ - :. /

Fig. 2-43. Duplex Rotor Meter %j"

149 Linford, A. "Measurement of Fluid Flow, The Instrument Manual, -

Third Edition, London: United Trade Press, LTD, 1960, p. 122.
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S~~Fig. 2-44. Semi-Rotary Piston Meter "-"'

M(C) Semi-Rotlary Piston Meter (Ref. 150) '-'-

The semni-rotary piston meter was devel- :!:}

oped primarily for the measurement of small flows of water. However,

now available for teasuring other liquids. -

'The salient features of these meters are
low cost and maintenance, a large flow range, interchangeability of .:':' "

working parts and a good commercial accuracy (error less than ±2%/ of -•
actual flow) over the whole working range. '"•"

A cross-sectional diagram of this mneter.-",
fmn, i4q qknwr, in Tin- 2-44. Tlie body of the meter, mlounted in the pDipe- ""
line, conFtains a cylindrical piston of soeaewhat smaller diameter, but of
the same height as the working chaelber.iqi

150 Ibid. pp. I122-124i. ," -

•'.-• VOL I R-EV I I""

j. 2" '



'The working chamber is fitted with a radial
partition projection partly across it, and with a central hub. The piston, ,

the wall of which is split, fits over the partition, and also over the central
"hub. The diameters of the working chamber, of the central 1,ub and of the
piston are such that, whatever the position of the piston, line contact is
obtained between its outer wall and the inner wall of the working chamber.

The liquid being metered enters the bottom
"of the working chamber on one side of the partition and leaves the chamber
from the top on the other side of the partition, so that the piston forms a
movable barrier between the inlet and outlet ports. The result is that the.:
liquid, flowing through the working chamber, sets the piston in motion,

a semi-rotary movement being obtained, the piston sliding to and fro along

the fixed partition--yet always revolving round the working chamber in the
same direction, although it does rot rotate about its own axis. Each semi-

revolution of the piston allows a volume of liquid, equal to the volume itf
sweeps out, to pass through the rneter. The nominal sizes of these semi.-
rotary piston meters range from 1/2 inch to 6 inch connections. Table 2-5
gives some examples of typical meter capacities and flow ranges. Such

meters are suitable for working pressures up to 21, 600 psfg.

a ITable Z-5. Typical Flow Ranges of Senmi-Rotary Piston Flowmeter

Meter Meter Accuracy Rated Maximum
Size Starts of 98%/( Maximum Occasional
"(inches) A.t At Working Flow Overload
S ~(64 psfd pres- (1600 psfd ..

___ __ ___ __ sure loss) pressure loss)
1/2 0. 017 gpm 0.083 gpm 1.7 gpm 8. 3 gpm.

"1 0. 033 gpm 0. 17 gpm 4. 2 gpm 22. gpm-
"2 0. 067 gpm 0. 5 gprn 25. gpm 130. gprn
,4 0. 42 gpm 0.8 gpm 83. gpm 420. gpm "
6 0.5 gpm 1.0 gpm j 130. gpm 635. gprn

-4.
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Fig. 2-45. Rotary Meter

(d) Rotary Meter (Ref. 15 1)

The rotary meter is one of several types of

displacement gas meters. As shown in Figure 2-45, it consists of a work-

ing chamber containing two impellers, each mounted on a shaft. The gas

enters the working chamber from the top and, in exerting a pressure on

these impellers, causes them to rotate. The relati- 2 position of the two

impellers is determined by gears fitted on their respective shafts, and it

will be seen that, ow-in to.. they ar arp nlways in contact with each

other. Each complete revolution of the impeller necessitates their passing

through the vertical position twice, and each time a pocket of gas (shown -

hatched in Figure 2-45) is trapped. Hence, the volume of gas passed for

each revolution of the impellers is four times the hatched portion multiplied

by the length of the impellers.

>51 11M1d, pp. IZ4-125. He
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The working range of these meters is

from 1 to 10 times the minimum accurately measurable flow and over-
load of from 50% to 100% can be allowed. Capacities range from 333 cfm
(6" gear diameter by 18" impeller length) to 21, 530 cfm (32" gear dia-.

meter by 96" impeller length), the head loss being approximnately 2. 5 psfd
and the working pressure 1440 psfg. These meters have been designed --

for working pressures up to 43, 200 psfg.

(2) Velocity Meters

Meters of this type obtain a measure of the velocity
of the flow; the volumaetric flow is inferred as being equal to the velocity

multiplied by the cross sectional area of the flow. The moving element
is usually a helix, fan, or turbine rotor. Minimum flow rates which can
be measured with acceptable accuracy are generally higher than those for

displacement meters, depending on the frictional and in inertial charac-
:." ~teristics of the particular device. Lower total pressure loss, lower cost,-..-'

and the ability to handle a variety of corrosive fluids containing suspended

matter are some advantages. It is important, however, that a velocity
meter be calibrated for the specific fluid and conditions encountered in use.

Velocity meters are commercially available from numerous manufacturers.

Two modern types are discussed herein.

(a) Turbine Flowmeter (Ref. 152)

The "Pottermeter, " illustrated in Figure 2-46
consists of a housing with end fittings to match those of the piping in which .' -"

the element is to be installed. A hydraulically, self-positioning rotor is sus-

pended within the housing, A permanent magnet is sealed inside the rotor of
the standard frequency Pottermeter. High-frequency meters utilize a reluc- y'
tance type magnetic pick-up with a permanent magnet built into an externally -

mounted coil.

As the fluid flows through the element, the
rotor spins at a speed determined by the fluid velocity and the angle of the
rotor blades, inducing an ac voltage in the pick-up coil mounted externally-
to the housing. In standard frequency meters, the frequency of this voltage
is a function of the rotor speed and the number of magnetic poles. High-
frequency meters produce a frequency up to 10 times greater for use in trans- ..-

ient flow studies, digital flow rate indication, and telemetering.

152 "Engineered by Potter," Potter Aeronautical Corporation, Union,

New Jersey.
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It'

Fig. 2-46. Turbine Flowmeter

The design of the rotor and its supporting
members is such that fluid flow through the element establishes upstream A--

thrust components which exceed the downstream drag factor, so that the

rotor spins freely without thrust friction midway between its upstream and
downstream supports.

At point A (See Figure 2-46), the upstream
end of the unit, fluid flow is assumed to be at line velocity and pressure.
This flow encounters a restricting cone, held rigidly in place, which causes
an increase in velocity with a corresponding decrease in pressure in the
area between the rotor an(-I the stationary cone at Point B. The restricting

cone attached to the upstream support is slightly smaller in diameter than
the body of the rotor, and therefore absorbs the impact of the downstream
flow velocity so that only a limited amount is permitted to be impressed LA
upon the rotor. Since the rotor itself is shaped like a cone with the base

upstream, there is a decrease in fluid velocity along the body of the rotor
with a corresponding pressure recovery at Point C, which tends to force

the rotor upstream into the low pressure area behind the stationary cone.
There is actually an excess of upstream thrust so that the rotor moves up- L
stream to a point where the flow past the smaller, fixed, upstream cone ,.,
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begins to impinge on the forward edge of the rotor body, limniting the
amount of upstream movement.

When hydraulically centered in this osi-
tion, the rotor spins without slippage or thrust friction. The error is
approximately ±0. 5% of the actual flow.

The meter is inherently linear over most
of its range of operation. Some non-linearity will be encountered when
operating at minimum flow rates, at which the fluid velocity is not high
enough to produce sufficient upstream thrust to overcome the drag on the
rotor. Even at these low flow rates, the element has a high degree of
repeatability.

The meter can be installed in any position, . .
horizontally or vertically, with the flow either upward or downward so
long as the flow is in the direction indicated on the housing. However,
linearity over the widest possible range of operation will be obtained
when the unit is mounted within 150 of the horizontal. Because the rotor
spins freely, it responds rapidly to flow changes and will fully indicate
a transient change within the time required for the rotor to make one com-
plete revolution. --

Table 2-6bis representative sizes, capa-
cities, and flow ranges; however, many other sizes are available.

Table Z-6. Typical Ranges of Turbine Flowmeters

Rated Max.
Repeatable Linear Working Flow

Meter Size Performance Performance (1728 psfd
(Inches) Starts At Starts At press, loss)

1/8 0.08 gpm 0. 17 gpm 1.4 gpnm
1/2 1. 2 gpm- 2.0 gpm 25. 0 gpinL

1 3. 7 gpm 6.0 gpm 94. 0 gpn"
6 180.0 gpm 350.0 gprn 6400. 0 gpm . -,"

12 650.0 gpm - Z120. 0 gpm 26, 000. C gpm'n
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(b) Vortex-Velocity Flowmeter

The Vortex-Velocity flowmeter is illus-
trated in Figure 2-47 and its principle of operation is shown in Figure
2-48. (Rotron Controls Corporation, Woodstock, New York. ) .

This meter type has a continuous flow
range of 10 to 1 regardless of meter size. It will measure liquids, at-
mospheric air, or compressed gases. Temperature limits may range
from 32,°F to 200°F.

The Vortex-Velocity flowmeter consists
essentially of a piece of straight pipe with an offset cylindrical chamber.
When a fluid flows through the pipe, an eddy or vortex forms in the cham-
ber. The rotation of the vortex is inherently proportional to the main
flow in the pipe, A rotor mounted in this vortex senses the vortex promptly
and maintains its stability. The rotor merely rides with the vortex as a
means of counting its revolutions. A magnetic coupling between the rotor
shaft and the register eliminates the need for packing glands.

Counting the number of revolutions, or
speed of the vortex, produces an accurate volume total or flow rate indica-
tion of mass flow at line conditions. The meters have an error of 0. 5%
and a flow ranee of 20 to 200 gpin for liquids, and 10 to 100 cfrn for gas.

Fig. 2-47. Vortex-Velocity Flowmeter

(3) Differential Pressure Meters (Ref. 153)

Differential pressure meters consist either of a
probe or a constriction in a conduit. There is no limit to the size of these

153 Linford, A., op. cit., pp. 131-138.
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OFFSET VORTEX CHAMBER 9ROTOR
METER TUBE""

MAIN
FLOW

BY-PASSF -- - - "- -____

FLOW _

CALIBRATOR

Main flow produces vortex in offset chamber.

Vortex. motion is sustained by engagement of portion
of vortex periphery and adjacent streamline of crowded main
flow. Relation is "pulley on a belt."

Rotor turns with vortex which has a regulated diame-
ter larger than that of rotor. Main f doew -es not en-age rotor -.

blades.

Shunt flow, not shown, supplies fluid to center of vor-
tex. Resulting radially outward flow component provides neces-
sary relative motion to avoid tangential slip between rotor and
vortex.

By-pass flow is regulated by calibrator to change rela-
tion between rotor revolutions and total flow. Thus, meter
factor can be adjusted to unity.

Three parallel flows have common pressure drop and
operate in turbulent range. Hence, measured flow is constant
proportion of total flow.

Fig. 2-48. Principle of Vortex Velocity Meter
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meters, and they have the ability to handle corrosive fluids containing

large amounts of suspended matter.

A flowing fluid has a total (ram or stagnation) -

pressure which is the sum of its static and dynamic pressures. These

terms are often referred to as total, static, and dynamic (velocity)

head, respectively, when the pressure is expressed in feet or inches of

the working fluid.

if

P total pressure (lb/ft2 )

Ps = static pressure (lb/ft2 )

Pd= dynamic pressure (lb/ft 2 )

"• P = fluid mass density (ib-sec-/ft4)

"V = fluid velocity (ft/sec)

Pt = Ps + Pd (2-13)

where

Pd= (i/Z)PV'

therefore

"Pt PS + (1/2) P V2  (2-14) C

thus

V= 2(P - Ps)/P (2-15)

T- Fli X1 Late is prpct ria to fluid
1uwIJ a di rectly pootýrlt l-

velocity and therefore to the square root of the differential pressure, as
shown by equation (2-15). 6

(a) Pitot Tube

The Pitot tube may be used to measure the

differential pressure for the determination of velocity or volumetric flow.
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Two configurations are shown in Figure 2-49.

S TSTATIE C PRESSURE HOLE$

IL STAIC PRESSURE HOLES

Fig. 2-49. Pitot Tubes

The Pitot tube is inserted into the stream
of fluid. Fluid is brought to rest in the center tube giving total pressure.
Static pressure is obtained by the concentric outer tube. A differential
pressure gauge is used to measure Pt- P. which is proportional to the
velocity of the flow at the point in the stream where the Pitot tube is loca-
ted. To ascer-tain the total flow throujgh a conduit, it is necessary to
relate this velocity to the mean velocity of the flow. It is usual to locate.--
a Pitot tube at the center of the conduit where the velocity distribution
curve is flattest. The ratio of mean velocity to center velocity is a func-
tion of Reynolds number.

(b) Venturi Tube A

Of the various forms of volumetric flow
meters, those which employ a detecting element operating on the following
differential pressure principle havr tho xAvidea nP-li.-tio,. Th'lp-C "pu at-

of the detecting element is based upon increasing flow velocity (dynamic

pressure) causing decreasing static pressure. Thus, if total pressure is
assumed coInstant between sections 1-1 and 2-2 (Figure Z-50), equation . -

(2-14) becomnes

P5  + (/2) p 2 V2 = P5s + (I/2) PlVl (2-16) - _
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Fig. 2.-50. Venturi Tube

When dealing with compressible fluids,
the density at section 1-1 is not the same as the density at section 2-2
due to the change of pressure. However, in a correctly designed dif-
ferential pressure producing device, the error involved is negligible.

From (2-16), it may be seen that -

2 -(P -
V- _ V1 = (2-17)

since

A1 V1  A V, (2-18)

by substitution

r-2 2
V2V2 (3P -P 5 )/ (l-A 2 /A, (2-19)

Thus, the square root of the static pressure
difference is a measure of the volumetric flow rate.
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In addition to the Venturi tube, there are
other devices available for rnete.-ing fluid by this principle. The cri.-
terion for such a meter is the ability to produce a high differential pros-

sure with a low total pressure loso. Typicai devices of this type arc the
orifice and Dall Tube.

(c) Orifice Meter

The orifice meter shown in Figure 2-51
is a thin metal plate with a central hole. Pressure taps .-re provided on -.-

each side of the orifice plate. Being simple and inexpensive, the orifice

CAR RIER
/ ORIFICE

PLATE

-,%

AA

UPSTREAM ,DOWNSTREAM
CONNECTION CONNECTION

Fig. 2-51. Orifice Meter

generates a large differential pressure, but has the disadvantage of a

large total pressure Loss, primarily due to downstream turbulene".

(d) Dall Tube

The Dall tube, illustrated in Figure 2-52,
combines the high differential of an orifice with the low los3 of a VenYiutui._I
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Q~ THROAT SLOT

THROAT
Q UPSTKEAM CONNECTION

Fig. 2-52. Dali Tube

It is shorter (1-1l/2 to 2 pipe diameters) and has less pressure loss than r.7

the Venturi.

(e) Comparisons

Table 2-7 presents a comparison of the
efficiencles of several differential pressure meters.

Table 2-7. Comparison of Differential Pre ssure, Meters

Type of 7 Pressure loss in -uer cent of differential produced
Meter for various throat dia/inlet dia. ratics.

11 0.4 0. 0. l
Orifice 98%62% 40%

Nozzle 94% 7 4% 50% --

Short Venturi 3107, 6% 10% 10%
Long Venturi 15% 110/ 10% 10%

1Dal1_'rube 9. W/, 4% 3%/
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b. Mass Flow Measurement (Ref. 154) --

Devices to measure mass flow or weight flow have aroused.
great interest during the past few years. This interest sterns from the t., K
need in industrial process control and military fields for more accurate
and faster ways of metering fluid than is possible with conventional in- "

ferential-type flowmieters. Inasmuch as missile thrust is measured in
terms of the weight of propellant delivered, mass fb)w or weight flow
information is of infinitely greater value and importance than the volu-

metric: flow rate.

Because of their simpler construction, conventional infer-
ential meters such as area or head meters have been used extensively in

the past. To obtain mass rate of flow information from these meters, the A-4..
reading must be corrected for related fluid properties such as density and
viscosity as well as such environmental conditions as temperature and

pressure. With present highly developed computational techniques, it is

theoretically possible to correct these quantities automatically, and any

inferential type meter can be made to measure mass rate of flow by
correcting, with svitable transducers, the effects of density, viscosity,
pressure, velocity, etc. Unfortunately, since these quantities are often
interrelated in a rather complicated fashion, a high degree of accuracy -•.

over a wide flow range cannot be obtained easily. The situation is com-
pl..cated fu'th±r wvhen the fluid is nonhomogeneous (i. e. , compressible

fluid, multiphased fluid such as inists, slurries, foams, emulsions) and.
when the flow is not steady (i. e., pulsating flow).

A true mass flowmerer, on the other hand, is one that can

produce a signal which corresponds to the mass rate flow directly and is
substantially independent of various fluid properties y.nd environmental
conditions. Since modern power plants and missiles are frequently sub-
ject to appreciable transient variations in fluid properties, the relative
independence of mass flowmneters on these variable conditions assures
better accuracv over a widehr range of omeration than ct•pe sat.d - -

ential meters.

The basic types of flowr.-nters are listed in Table A`8 along
with several of the most %;videlty used sub-classifications.

154 Miesse, C. C. Studcl of Mass Flowmneters, Armiour Reseazc3i

Foundation, Final Report (ARF Project D173), July, 1959.
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Table Z-8. Classification of Mass Flowmeters

Classification Sub -Clas sifi cation

Conventional Inferential Meters Head or area meters with density

with Automatic Compensation and possible viscosity compen-
sation. Velocity meter with den-

sity compensation.

Transverse-Momentum Flovnneter Radial Flow Type
Axial Flow Type

Gyroscopic Type

Forced Circulation Flowmeter Constant displacement pumnp

Flow Acceleration Flowmeter Magnus effect

(1) Transverse Momentum Flowmete r

Utilization of the momentum force of the fluid stream".

to measure flow rate is a relatively simple matter. Unfortunately, the
force produced is not merely a function of the mass rate of flow, but also a

function of density of the fluid. This difficulty can be overcome by super-

imposing a known velocity in a direction perpendicular to that of the stream..

The force required to accelerate or retard the fluid stream is equal to the

rate of change of momentum in the transverse direction, which in turn is

proportional to the mass rate of flow. Mass flow signals obtained by this

method are substantially independent of fluid properties such as viscosity,
density, and homogeneity and environmental conditions such as temperature, b"-:

flow patterns, etc. The linear relationship between the mass rate of flow
and the force output is also a very desirable feature. The three different
a rangements which have been developed are known as the radial flow tyjq e,
axial flow type, and gyroscopic type.

(a) Radial Flow Type

The radial flowineter, also known as the

Li mass rate meter, is shown in Figure 2-53. Its flow sensing element
is in the form of a tube or a turbine impeller. The fluid flows in the radial

direction relative to the sensing elerrment, and each fluid particle traces a

spiral-shaped path in space. The sensing element is forced to rotate at a

constant angular velocity, and the torque cequired to rotate the sensing ele-

ment is a linear function of the mra.ss rate flow.
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Fig. 2-53. Schematic Diagram of Li Mass-Rate F].owmeter

K--..--1•-- 'rL

V 0_

M

Fig. Z-54. Description of Op-niaion of IA Radial. Flowmeter
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The -,peration can be described most readily
by referring to the special il.lustration of Figure 2-54 where the fluid is
assumed to flow uniformly through a straighFt tube, the motion of each par-
tical being parallel to that of the others. The tube is assunmed to be rotated
at a constant angular vel.oc(ity w about the axis 0 intersecting the axis of
the tube. at right angles. The Coriolis acceleration, which is then uniform
verywhere in the fluid, is given by the equation:

a= 2V <!. (2-20)

where

V = fluid velocity relative tc the tube.

From this, it can be shown that the monment about 0 due to the Coriolis
force is given by

2 0

ML Ir-7 - r! ' W (2-21)

Hence, the moornent or torque is a .unear function of the mass rate of flow,

w.

It can also be shown that the shape of the
flow o•.shig eirmnent is of no importance, nor are the properties of the fluid
or the nature of the flow pattern within the vessel ' The only significant re-
quirement is that the entrance and exit velocities relative to the vessel be
radial. If this condition is not fulfilled, an a.dditional inornent wvill be pro-
duced by the tangenatial conx.,nents of the velocities as in the case of a radial
flow turbine, and the linea1 r re.ationships for force and mo)enent will no longer
apply.

Practical arrangemiecnt embodying this prin-
ciple is shown in Figure Z-55. The flow sensing elenment in this case
resembles the impeller of a c.entr-,.fugPl pump It is enclosed in a housing
that also resenmbles a pu.upn] housing except that it rotates with the impeller
an.d is niechanicaJ.ly conrected to it by an elastic rucrnber whose distortion
serves to mneasure thf-' nony.c-.nt. exeited on the ir"pehe r by the fluid, and
therefore, the mnass r?,te flow. The wfho>kt assenmbly is rotated at a constant
rate by an external motor, atIO connections betwveen the incoming and out-

going fluid lines are nad.o through any suitable type of rotary seal. The
impeller is provided with a siafficiý-:nt nimnber of radial vanes to ensure
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that the flow is substantially radial (See Figure Z-56), so that the output,
taken from a device that measures torsional deflection with respect to
the housing, will be an accurate measure of the. mass flow rate.

It is interesting to note that in the arrange-
,ment of Figure 2-55, the torque required to drive the flow sensing element
is recovered in the guide vanes in the housing, with the result that the only
torque which the driving motor must supply is that necessary to overcome
bearing and seal system friction and windage. It should also be noted that
the signal output is independent of this frictional torque.

-s Such a device as depicted in Figure 2-55,
unlike some other types of flowmeters, can be used bidirectionally; i. e. ,-.__"

if the flow reverses, the torque produced also will reverse. Similarly,
the torque can be reversed by reversing the drive motor, or the scale fac-
tor can be changed by changing the motor speed. .7>

Basically, the only source of error in this
flowmeter is the possible tangential component of the relative velocity at
either the inlet or the outlet of the impeller. If the relative velocity can
be held truly radial at both inlet and outlet of the impeller by a suitable

N arrangement of vanes, the meter can be very accurate. This is true even
if the fluid is compressible or nonhomogeneous.

Thc flowr.etey is aiso very useful for pui-
sating type flow measuremnent, since the basic momentum equation is valid
even when the flow is not steady, As the fiowrneter is basically linear,

"4 the average output signal is a linear function of the average flow rate.

"(b) Axial Flow Type

In the axial flow type, a sensing element
having a series of parallel flow passages is made to rotate about an axis
"parallel to the flow passages. The fluid flows in an axial direction relative . -.

to the sensing element, and each fluid particle traces a healical-shaped path ,
in space. The torque required to drive the sensing element is also a. linearS function of the mass rate flow.

One flo.wneter of the axial flow type is the
General Electric Mass Flowmeter which consists of two similar cylindders
placed end-to-end so that the two arts coincide (See Figure Z-57). The
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FLOW-SENSING
ELEMENT

Fig. 2-55. Schematic Diagram of Coriolis Type Mass
Flowmeter (Control Engineering Corporation)

Fig. 2-56. Particle Path Through Flow Sensing Element 1'~~
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instrument housing closely fits the outer diameter of the cylinders.
Around the periphery of the cylinders are located a number of passages,
the axes of which are parallel. to the axis of the cylinder. Fluid moving "
through the pipeline enters the passages in the first cylinder, proceeds
through the passages in the second cylinder, and continues along the pipe-
line. By driving the upstream cylinder, termed the impeller, at a constant
angular velocity about its axis, the fluid is given a constant velocity at
right angles to the fluid flow. This arigular velocity constitutes a change
in momentum of the fluid. The second cylinder, termed the turbine, is
designed to remove all the angular momentum from the fluid. In so doing,
a torque is exerted on it in accordance with Newton's second law of motion. .-
This torque deflects a spring which restrains the turbine. The angular de-
flection of the turbine is a measure of the mass rate flow.

The equation relating the mass rate flow
and the torque output can be derived by using the law of angular momentum.
The rate of change of angular momentum of the fluid leaving the impeller is
Ww( K2 , where K is the average radius of gyration, the value of which de-
pends on density distribution as well as on velocity distribution. In this case,
ro > K> r 1 , where ro and r 1 are the outside and inside diameters of the
openings, respectively.-"7_7,

If the turbine is placed very close to the im-
peller, the assumption can be made that all the angular momentumn generated
by the impeller is absorbed by the turbine. By the angular momentum prin-
ciple, the torque produced on the turbine is equal to the rate of flow of angular
momentum. Thus, if the angular velocity w can be maintained a constant, and
if K can be assumed a constant, thg torque acting on the turbine will be a
linear function of the mass rate flow. This torque can be measured conven-
iently by the use of a mechanical spring and a dial, as shown in Figure 2-57
or converted to an electrical signal by a suitable angular displacement trans-
ducer.

In operation, there is some coupling effect
between the impeller and the turbine even when the flow rate is equal to zero.
This coupling effect is due partly to the viscous drag of the fluid and due
partly to radial flow caused by centrifugal force. This latter action is very
similar to the fluid coupling in an automobile. It is found that by placing a
plate, ternmxed a decoupling disc, between impeller and the turbine, the coup-
ling effect can be reduced appreciably. However, the plate covers only the
central portion of the conduit; consequently, the viscous drag acting on the
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outer periphery of the turbine still exists. The coupling effect is probably
one possible source of error, especially when the viscosity is high and
when the temperature range is large. Another likely source of error is -
the possible variation of K due to non-homogeneity of the fluid. When the
fluid is compressible, the density at the outer periphery undoubtedly will
be higher because of centrifugal force. When liquid flow is measured,
any air or vapor that is trapped in the liquid will tend to collect at the
inner side of the passages. Both conditions can cause a higher value of
K. Variation of velocity distribution in the passages can also cause var-
iation in K.

This type of flowmeter is simple compared
with some other methods of obtaining true mass flow, but becomes inac-
curate at low flow rates, where extraneous torques exert their influence. L
Furthermore, it can measure flow in only one direction, and cannot follow
rapid changes in flow. ..

The Avien flowmeter shown in Figure 2-58
also operates on the axial flow principle. It contains two impellers driven L
in opposite directions at a speed proportional to line frequency. This ar- .
rangement permits measurement in either direction of flow. A sensing
wheel, restrained by an electromechanical torquer rather than a mechanical
spring, removes the angular momentum fron), the fluid. The torque motor
providing the restr;int receive• an amplified potctionieter sign.al. which is
proportional to the angular position of the sensing wheel, and thus propor-
tional to the mass flow rate times the angular velocity of the impeller.

To make the flowmeter output dependent only
on the mass flow rate requires a constant angular velocity. But the angular
velocity, being proportional to line frequency, varies with changes in line
frequency. Such variations can be compensated by feeding the transducer
output signal into a line frequency correcting network and using the resulting
output to drive a servo amplifier-recorder. When the line frequency varies
from nominal, the attenuation of the correcting network changes in the proper
direction to compensate for the change in impeller angular velocity.

A twin-turbine mass flowmeter (Ref. 155) is
shown in Figure 2-59. It incorporates a rotor having two sets of turbine
blades with different blade angles, coupled by a spring and capable of rela-
tive ngu!,tr motion with respect to each other. As a result of the blade

155 "Engineered by Petter," Potter Aeronautical Corporation, Union,
New Jersey.
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Fig. 2-59. Twin Turbine Mass Flowmeter

angle difference, the two sets of blades tend to rotate at different speeds,
but cannot because of the spring coupling. They thus take an angular
displacement with respect to each other, the magnitude of which is pro-
portional to the flow momentum. However, the rotor assembly, consi-
dered as a unit, functions as a volumetric turbine meter rotating at a
speed proportional to the average fluid velocity.

In terms of the equilibrium period P be-
tween the two-rotor systemn,

O= Zr t/P= 2'rrtf (2-22)

where t is the time for the two-rotor system to sweep the deflection angle,
f is the frequency of the system, and 0 is the phase angle between turbines.
On t'he ni-hr h;an

e= T k (2-23)

where T is the torque and k is the spring constant for the coupling spring.
From Equations (2-22) and (2-23),

t k T (2-24)
Zirf f
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where the term in parentheses is constant. -

From hydrodynamnical considerations

T Fr = P A V2 r (2-25)

where F is the hydrodynamic force and r is the effective radius.

lien ce "0

Sk ) P A v 2.
t= ( -• P V(2-26)

2wr f

V --.
Since

V
f = (2-27)

c' k rt= ( )pA V (2-28)
"Zn E-

Thus by measuring the elapsed time taken for the phase angle displacement
to traverse a reference point, a direct measure of mass flow rate is effected.

The signal output is generated by bits of

magnetic material (which arc part of each turbine assembly) as they move
past the coil. Most conventional time interval measuring instruments can
be used to record its output.

(C) Gyroscopic Type

In the gyroscopic type of meter, the trans-
ducer is in the form of a circular or square loop that is made to rotate about
an axis in. the plane of the loop. No net torque is required to rotate the sen- ..- -,

sing element, but a torque acting in a direction perpendicular to both the

p.1---- --.------- ------- -nt---t--n-- - .- P-r -, -,- -- -----c--
linear function of the mass rate of flow. L..

The gyroscopic meter derives the name from-
the similarity of its operation with a mechanical gyroscope. Figure 2-60 -

shows that the meter consists of a fluid conduit bent in the form of a circle ."

(or a square) and driven at an angular velocity w about the A-axis. The
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whirling fluid produ-:es a flywhe(el effect similar to I-hat of a mechanical

gyrroscope rotating about the C-axis. Similar to a 1 jechanjical gyroscope,

T FLOW

IR FLEXIBLE
I COUPLING

C

Fig. 2-60. Gy-roscopi.c Mass Flowmeter

a moment T acting about on axis perpendicular to both A and C is pro-
*duced. This moment can be. sbown to be a function of the rnaiiFs flow rate

* through the flowrn~er.

To simplify the discussion, the assumptions
are made that the fluid is incomprersible and h-omogeneous and that the flow
iE la-minar and evenly distributed acrcss the cross-section of the conduit.

Thý nm,.riient produced about the B-axis. can
be found by the well known gyroscopic equation:
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T = I2 wa (2-29) - 'A

T W 2r r 4 (2-30) L.*,

where

I polai moment of inertia of fluid in conduit ,

about C-axi':

avert.ge angular velocity of fluid in conduit . -.

w angula.r wvlocity about the A-axis

r;. average radiu: of conduit

W mass rate flow -

The above equation shows that under assumed
conditions5 , T is a linear function of the mass rate flow and is independent
of the densiýt.y and viscosity of the fluid.

(2) Thermal Flowmeters

Mass rate of flow meters have been developed which t
are based on thermal concepts. The fundamental idea is to subject a heat
sensitive element (thermocouple) to the fluid flow and measure the cooling
which takes place. The instrument is a mass flowmeter if V'RKp is a con-
stant, where K is the thermal conductivity, S is the specific heat at constant
volume, and P is the fluid density. For many fluids, this term is constant
over wide ranges of pressure and temperature allowing the instrument to be -,-.

calibrated directly in terms of pounds of gas per hour passing the sensing "-"N
element.

The Trans-Sonics Type 1994 Mass Flow Transducer
shown in Figure 2-61 consists of two platinum temperature probes extending L
from a case (Ref. 156). The platinum resistance windings, located at the -.

ends of the probes and protected by stainless-steel cages, are the active
elements in opposite arnms of a dc resistance bridge.

156 "Mass Flow Transducer, " Trans-Sonics General Catalog and

Transducer Handbook, Special Product Note No. 1994.
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Fig. Z-,61. Trans-Sonics Mass Flo%,wneter

The Platinum resistance windings make the basic
temperature measurements fr-nin which the total mnass flow in the duct is
determined. Whau the transducer is installed, tho.. longer probe places a
Nwind~ii at the ccnte-l1ne of the duct. This reoistance is heated by a re-
iatin •,iy high steady-state carrent anJ, in accordance vith laws of heat

transfe:, makes the fundamental density-velocity measurement as it ;s
cooled by the mass floh, in the duct.

The other platinum resistance winding on the

shorte-r probe is unheated and is therefore i.ot significantly atfected by
mass flaw. Its purpose is to compeinsate for changes in the gas ten.pera- -.-

ture in t•e duct by introducing a¢ volta;_ge which dancels out any bridge un- - 9
balance caused by the gas temperature's effect on the longer sensing e ,-

probe.

Input voltage is r.eguiated by ,ener diodos, ,thus

ntIaintaining a (:costant i.-nput power to the heated probe an3 restricting
heat transfer rate to a depenldence of mnass flow tate only.

Tht6, mass flow rait. output signal is typically
calibrated for a r.ass flow range from 20 - 180 bjti/minn , although other -.--

range calibrations are, available without n-odification. When displayed on :..-
a. dc nicroamnneter, the instrunment err'or is 3% of Skill-scale range or
!0% of the actual mass flow, whichev%,,r is grcater.
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(3) Summary

Specifications, operating principles and advan-

tages of several true mass flowmeters are summarized in Table Z-9. . 0

2-6 MEASUREMENT OF ROTARY SPEED

a. Introduction (Ref. 157)

The systemns that are presently used for measurement of

shaft rotary speed in aircraft engine auxiliaries are ac induction tacho-..

meters, dc tachometers, and drag-cup or drag-torque tachometers.

These conventional tachometers systems are adequate for many applica-

tions and have many desirable features, including long development and

service histories, and a minimum of auxiliary circuitry required. How-
ever, in planning advanced weapon systems, there is a need for improved

techniques for measurevent of shaft speed, particularly in regard toraditi

abilite to operate in severe ranges of temperature and nuclear radiation
environment, operation over wider speed ranges, and with greater ac-.

curacy.

A. complete tachometer system includes a rotary speed trans-

ducer, auxiliary circuiits, and an outpwit device. The transducer portion N

of a tachometer system consists of an element or elements mounted on,

attached to, or embodied in, the shaft which is to rotate, and a fixed ole-
ment or elements in proximity to the rotating elements. The functions of
the transducer elements are to effect an exchange of energy or to modify
an exchange of energy between the fixed and moving elements which is

functionally related, in some manner, to shaft angular velocity, and to
convert the speed-modified energy to an eletrical signal. It is clear then, .2
that the transduccr portion of the tachometer system must perform in the

same environment as the rotating shaft.

The auxiliary circuitry, as here defined, consists of clectri-

cal excitation sources, amplifiers, demodulators, counters, special power

supplies, or other circuitry required to convert the electrical output of the"

transducer to a useful form and level. The auxiliai-y circuitry need not be
in the shaft environment.

157 Viskanta, V. Z. , "A Study of Rotary Speed Measurin~g Techniques,"'' I'" i
Armour Research Foundation (WADD TR 60-210), February 1960, pp. 1-3.
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The output device rmay be an indicator, recorder, or signal
converter (The latter to convert a geneerally usable electrical, signal to a

specific form suitable as an input to a specific device, such as a sub-

carrier oscillator or multiplexer of a telemetry system. 'I

lRotary speed transducers may be c.lssified, as either analog
In an analog type transducer the amplitudie of the intelligenceordiital.Innanlgt

signal is a function of rotary speed (usually proportional ovcr the useful

speed range); in a digital type transducer, the frequency, repetition rate,
or time interval between peaks, of the intebigence signal is Froportiorna.i.

to the iotary speed. Most conventional tachomneter systemrs are of the
highly-developed analog type. However, sic.ce digital tacho)ýneter transducers

are nauch less sensitive to environmental variations, the emphasis of"

this discussion will be placed on digital tachometer developmrlent.

b. AnaloL Transducers (Ref. 158)

(G) .General

Tachometer systems which have been most w.d-ly

used in the past employ analog transducers, i. e. , an electrical signal is -"

gene.ratd. o. an ecitation .oltage is modulated in such : y t
1
l a 1..ý

output voltage or modulation amplitude is a function of shaft rotary s- .d.

Through the years, these instruments have been irrprove.d to meet in--

creacingly stringent performance requirements. Is a result, thesC de--

vcees are satisf.ctory for many applications, and inay be preferred fo-
some, since minimum tachometer system size and complexity mYay be

attained using analog techniques.

Amoug the electrical tachometer transducerý; of

importance are 'me ac induction tachometer, the drag.-torque tacchoi-ieter,

the de tachome " and the permanent magnet alternator.

(2) AG Induction Tachometer

The conventional ac induction tacho-eter xs es-
sentially a variable coupling transformer in which the coupling coeffi'-ient

is proportional to rotary speed. One phase winding of the unit i0 exiJted

158 Ibid. pp. 5-6.
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by an ac voltage (line or supply frequency), anid an ac voltage at excitation.
frecuency and proportional -in amplitude to the rotary, speed is obtained at
the output phase winding. Rotation with the shaft of the rugged squirrel
cage or drag cup rotor produces the shift in flux distribution on wiiich the
principle of operation of the device is based. For auxiliary equipment, - -.n
the device requires a source of excitation voAtage that is stable in ampli-
tude and frequency.

This tachometer is not suited to telemetry appli-
cations and, therefore, will riot be further discussed herein.

(3) Drag,-T:orque Tachormeter

The drag-torque tachometer consists of a perma-
nent magnet mounted on the rotating shaft and inside a metallic dish or
cup. The rotating magnet produces an eddy current torque on the cup
which is proportional to the shaft speed. If thu cup is mounted on good
bearings and is restrained by a precision spring, the angular deflection of
the spring may be rneasurecd electrically to provide an analog representation
of shaft speed.

Since this transducer requires, a second transducer
to convert displacement (angular defliection of the spring) to an electrical Y-I

sig,,al, it ia not well suited for telemetry purposes and will not b further
discussed herein.

(4) DC Tachometer Generator I
T'e conventional dc tachome'er is essent'Illy a

small permanent magnet or separately excited generator. The permanent
nmagnet type requires no au:.li;ary equipment; the separaely excit.eýd type 4
requires a dc source. Oije of the chief advantages of the ac tachometer ish oh grn- c, r J..... lt"-'...""-"
high ... - per i-jan, 10 to e& volts pet 1000 rpn attainable) in a
very small size. One of the nain disadv,,antages is that a commutator and -"

brushes are required. Brushes involve operating problerils (britsh vibra-
tion, and arcing, particularly at altitude) and maintenance problems (mois-
ture, deposits ofbrush carbon on the commutator, brush a,-.d conmmutator
wear).

For applications where thh- directiun of shaft rota-
tion must be telemetered, the dc tachometer generator is uscful since its
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output polarity is dependent upon rotational direction. The output voltage
of the permanent magnetic type may be calibrated to provide an aczcuracy
"of 0. 25 - 0. 1% of the maxim~uam rpm rating.

(5) Permanent Magnet Alternator .,_-.

The permanent magnet alternator is similar to
a constant field synchronous generator and produces a linear output volt-
age proportional in amplitude and frequency to shaft speed. Performance
is said to be poor at low speeds. With rectifier auxiliary circuitry on the
output, dc voltage proportional to speed over a wide range (not approaching
zero) can be obtained without brushes or sliding contacts.

The frequency characteristic of its output provides
a more accurate measurement of rotational speed since it ib unaffected by
loading-, temperature variations resulting from ambient conditions and
self-heating, and armature misalignments caused by shock and vibration.
Through use of external circuitry, the frequency may be converted to a N"

proportional dc voltage. This voltage may be utilized for controlling a
voltage-controlled oscillator of a frequency-division telemetry system or
applied to the multiplexer of time-division systems. Figure 2-6Z shows two
possibilities wherein amplitude variations (as a function of rotational speed)
are removed by a limiter or multivibrator. The output of this device may
then be fed through a dc restorer circuit, an integrator, and a filter to •3
provide a single-ended dc voltage which is linear with generator speed and
has zero ouLpuL at zero speed. Figure 2-62 also shows that the amplitude-
limited signal may be fed through a low-pass filter to a frequency discrim-
inator. The filter eliminates harmonics of the fundamental frequency which
result from the amplitude limiting function. The discriminator output may
provide a double-ended dc voltage with zero output occurring at a specific
frequency (speed of rotation). Thus, variations about this pre-selected
frequency may be telemetered, rather than the actual frequency. Of course,
numerous variations of the circuitry shown in Figure 2-62 are possible and
the complete frequency-to-dc convext sion may be accomplished in an ex-
tremely small volume through use of transistors and miniaturized packaging

techniques.

The permanent magnet alternator may also be used
for the measurement of speed differences by connecting the outputs of two
speed measuring circuits to a differential bridge as shown in Figure 2-63.
The indicated difference speed is independent of the actual speeds.
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c. Digital Transducers (Ref. 159)

J1) General

The units of measurement of shaft speed are events
per unit time. The units most often used are revolutions per minute (rpm),

4 With the availability of electronic counting circuitry and precise time in-
terval measurement circuitry, digital measurement of shaft speed can be
accomplished readily. If a reference mark or some discontinuity in a
readily measurable physical property is placed on or in the shaft, the speed
of which is to be measured, the number of passages of the reference mark
or discontinuity past a fixed sensing element in proximity to the shaft per
arbitrary unit of time will provide a measure of shaft speed. If a number . -
of reference marks or discontinuities are placed uniformly around the
periphery of the shaft, fractions of a revolution can be detected and counted.

For purposes of description, a digital tachometer

-: system is considered to be composed of a transducer, esse~ntial auxiliary
circuits, and optional auxiliary circuits (such as indicator or encoder) as
shown in block diagram in Figure 2-64.

The function of the transducer is to convert -shaft

rotation into an electrical signal representing rotary speed. For a digital
tachometer system, the transducer consists of an appropriate sensing ele-
ment in proximity to the shaft, and reference marks or discontinuities in-
corporated in or attached to the shaft. The essential auxiliary circuits or
devices include ani energy source and any circuitry required for proper
sensor operation. The optional auxiliary circuitry is that required to
obtain a digital indication, an appropriate digital code at the proper sampling-
rate for input to other digital equipment, and/or digital-to-analog conver-
sion or frequency-to-voltage conversion for analog input to telemetry ' "'"" -
equipment.

The energy source is generally an essential auxiliary
circuit, although it may be part of the transducer (as in the case of a perma-
nent magnet generator). The transducer performs the functions of modifying
the energy supplied by means of the discontinuities on the shaft, and of
sensing the modified energy. Only the transducer need be in the region of
extreme temperature and radiation environment; i. e., part of the transducer

1.59 Ibid., pp. 9-13.
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is on the shaft (the discontinuities) and part is in proximity to the shaft

(the sensor). The essential and auxiliary circuits and devices can be
remote from the shaft environment without significant degradation of

information from the sensor.

(2) Features of Digital Tachometer Systems

An ideal digital tachometer system would consist -.

of a transducer which would produce one pulse or one cycle of alternating

current for every time a shaft discontinuity passed the fixed sensor ele-

ment, with signal amplitude constant, independent of shaft speed, environ-

ment, and circuit variables. The essential auxiliary circuits, in addition

to providing excitation or power to the device, would consist of mneans for

recognizing one pulse or one cycle of the transducer output. If signals '*94
are of constant or near constant amplitude, the recognition circuits can . ,
be much simpler in design than if the signals vary widely in amplitude. ..-. ,

A choice could then be madc of appropriate optional circuitry to count and N

display or encode the number of pulses or cycles per unit time, or to con-
vert the signal repetition rate to an analog voltage amplitude.

If the signal amplitude varies due to extraneous
factors such as environmental changes, the system will remain operative

and accurate as longs as th..e signal -am.plitude does not drop below the level

of system noise or below the threshold of the recognition circuits, and as

long as the signal amplitude does not increase to the point where auxiliary
amplifiers are overloaded. This allows a wide range of operating conditions

inherently, which an analog transducer system, in general, does not. In

addition, feedback techniques may be employed in some situations to extend

the operating range by adjusting transducer excitation or signal preamplifier
gain to maintain the signal level nearly constant or at least inside the range

of the recognition circuit. "

Imoortant criteria for digital shaft speed transducers
are the signal-to-noise ratio and amplitude difference between the two states
of the transducer (pulse and no-pulse, or maximum and minimum values of

alternating signals). As long as the auxiliary circuitry can distinguish be- K9
tween two states, the number of changes of state (that is, shaft revolutions
or sub-intervals of a revolution)can be counted per unit time. Therefore,

*• the accuracy, resolution, and dynamic range of the tachometer system will
depend to the greater extent on the characteristics of the auxiliary circuits

and not on the transducer. Although the transducer, being in the shaft en-

vironment, may be subjected to environmental extremes, the auxiliary
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circuit can be located at a distance from the transducer in a more rmod-
erate and, possibly, controlled environment. Amplitude or phase
degradation of signals due to the leads or line,: between transducer and

circuits will not affect performance as long as the degradation is not so
extreme as to mask the signals entirely. -

In summary then, the digital technique applied to
tachometer systems permits some further design freedom on the trans-
ducer and broadens the range of signal amplitude variation that is per-
missible, at the expense of some additional external circuitry.

(3) Transducer Types

The most important distinguishing feature in the
various types of transducers is the type of energy that is utilized. Sen-

sors using electric (ac capacitive), electrostatic (dc capacitive), mag-
netic (eddy current, variable reluctance, permanent magnet), electro-

magnetic (microwave, light) acoustic (sound waves, pneumatic impulses)
and nuclear energies have been devised; however, son-ie are not suitable

for use in military flight vehicles. Several types are discussed in the

following paragraphs. A comparison of digital rotary sensors is presented
in Table 2-10 (Ref. 160).

(4) Capacitive Tachxorneter Transducer (Ref. 161) ' ..

(a) General

For measurement of rotary speed, a dynamic

capacitor or capacitive transducer element with capacitance a function of
shaft position can be constructed in a number of ways, A simplified sketch
of a complete capacitive transducer is given in Figure 2-65. The capacitor
is formed by the metallic stator plate and a rotor plate which is attached to
the shaft. The capacitor has maximum capacity for the shaft position illus- .- ,
trated in Figure Z-65, and minimumxi capacitance for a shaft position ,ro.ttd.
1800 (corresponding to the broken line). To convert the cyclical variations
of capacitance into an electrical signal, an excitation source E and resistor
R are also shown.

160 Ibid., p. 90. .. ¶4

161 Ibid. , pp. 19-36. [
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Fig. 2-65. A Simplified Sketch of a Variable
Position Capacitive Transducer

(b) Transducer Structures

There are two techniques that can be used
to produce capacitance variation as a function of shaft position: the rela-
tive position of the capacitor plates can be varied, or the dielectric constant
between the plates can be varied. The capacitor shown in Figure 2-65 is a 4

simple variable position capacitive transducer element. Such a capacitor
can be used only where the rotating shaft makes electrical contact through
the bearings to some stationary part of the equipment which is electrically
grounded. Since an electrical connection through a bearing is generally ..
unreliable, a split-stator capacitor which does not require electrical contact
with the rotor plate(as illustrated in Fig. Z-60 is preferred.

A variable dielectric constant transducer
results it, instead of a metallic plate in the split stator configuration, a rotor
h-,,r, a hignher dieplertri e rcnnstant than the ambient fluid ruedi rnm btiwecpn the i

plates is used. In this case, the effective dielectric constant is a function of
rotor position and the capacitance varies cyclically for every revolution or
fraction of a revolution. Since dielectric materials are more affected by
changes in environment than are metals, the following discussion will place
emphasis on the split-stator variable position transducer.

'1-'l
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The number of transducer structure geo-
metrics or configurations that can be used is virtually unlimited. Sketches
of a number of configurations are shown in Figures 2-67 through 2-70. In
all the diagrams, the capacitance rotor consists of a modification of a
portion of the shaft. Since a given shaft mnay have a smaller diameter, "1
lower electrical conducfivitv, or higher interfering magnetic permeability
than would be desired for the transducer, the shaft geometry modification
can be obtained by attaching a disk of appropriate shape and material to

the shaft.

The sketches show only variable position
capacitors. However, for the split-stator arrangements, the rotor cruld ,2
be replaced by a high dielectric material, producing a variable dielec:ric
transducer.

(c) Transducer and Auxiliary Circuits

There are three basic techniques that can

be used to convert capacitance variations to voltage: (1) the dc excited
capacitive transducer which can be considered as an electrostatic genera-
tor, (2) the ac excited transducer which involves measurement of impedance, ",
and (3) the use of the transducer capacity in the tank circuit of an oscillator
thus obtaining a frequency modulated signal. The intelligence signals can A
"then be amplified and demodulated to provide an appropriatc;_ ignal to a.
telemetry system.

"A general capacitive transducer circuit using "
ac excitation is shown in Figure 2-71. This is essentially an electrostatic
generator because the voltage across the capacitor increases as the plates

are separated. A
An approximate solution of the circuit shown

A in Figure 2-71 can be obtained if it is assurned that the charge on C remnains

approximately constant during one cycle of capacitance variation. This con-
dition rcquires tlhat the time constant RC in seconds should be much larger

than 60/nP which, at low rotary speeds, may be difficult to fulfill. Assuming
that capacitance varies sinusoidally and initial capacitance is C., the ampli-
tude and frequency (but not the wavc form) of the generated ac potential is ... -,

-AA•given by A

2EC 3 C (
.•V = Cos (L)mt - 1).= .,

Cmax min
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Fig. 2-66. A Simplified Sketch of a Split-Stator Capacitive Transducer

I-D
Fig. 2-67. Sketch of Simple Structure

Fig. 2-68. Sketch of Gear Type Structure
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Fig. Z-69. A Simplified Sketch of a Variable Position Capacitive Transducer

77 1

Fig. Z-70. Sketch of Split-Stator Gear Type Structure

R

Fig. 2-71. Electrostatic Type Circuit Schematic Diagram
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where

V = generated signal in volts

E excitation potential in volts

G = C0 + C cos (w)t

Co= 1/2 (Cmax + Gmin)

"C = 1/2 (Cmax - Cj)

Cniax maximum transducer capacity

"Cmin = minimum transducer capacity

mO m = (ir/30) nP in radians

n = speed in rpm

P = resolution or number of capacity changes
per revolution

Thus, the amplitude of the output signal for an ideal transducer at high shaft
speeds is determined by the percent change in capacitance and is constant.

If the peak to peak ac component of the voltage
across the transducer capacitor is snmall in comparison to the dc component,
(short RO time constant), the generated voltage is

6 A -0 TrA
-0- nE P C R sin wot (2-32)

30 L m

where

RiL = load resistance in megohms

Experimental work by the Armour Research
Foundation has shown that equation (2-32) is approximately valid at low speeds, -.

and therefore, the amplitude of the generated signal at low speeds is propor-
tional to the change in capacitance and to shaft speed (Ref. 162). From analysis

162 Ibid., p. 26.
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and experiments, it has been found that the dc excited capacitance rotary
speed sensor does not meet the requirement of the ideal sensor for a digital I.0

sensor at low speed, even though signal frequency is proportional to shaft

speed, since signal amplitude varies with speed. Thus, the lower limit of

dynamic range of this class of sensor in a digital system would depend onr

the voltage threshold of the signal recognition circuit rather than on the least

count of the optional auxiliary circuit. The dc excited capacitance transducer

can be used as an analog system, since peak to peak signal amplitude is pro-

portional to shaft speed, but only in the speed range above the point where .
signal amplitude is great enough to be readily measurable and below the re-

gion in which signal frequiency approaches the reciprocal of the time constant

of the circuit.

A simple ac excited capacitive transducer is
shown in Figure 2-72. A physically small transducer will necessarily re-
sult in small voltage variations because of the inherent low percentage change

Cfr

V R L

Fig. Z-TZ. Schematic Diagram of Simple AC
Excited Transducer Circuit

in capacitance. For this reason, a sensitive impedance measurement cir-
cuit i" ,G dred. A paralicl resonant bridge may be used; however, it is sen- !ix

sitive to environmental changes because the impedance of the arms depends

on the Q of the circuit elements- A simple circuit for detection of ampli-
tude modulated signals is shown in Figure 2-73. The detector circuit is only
given for the purpose of illustration. In case small changes of capacitance

must be measured, additional stages of amplification may be required.
Since the modulation frequency is pruportional to shaft speed, and modulation 0
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frequency is proportional to shaft speed, and modulation amplitude is

relatively constant with speed, the ac excited capacitance transducer

meets the general requirement for a digital-type tachometer system.

In the oscillator-type circuit, the trans-

ducer capacitor may be used in the tank circuit to cause frequency mo-

dulation of the oscillator's output signal. In this system, the oscillator

frequency varies with shaft position and shaft speed is indicated by the
rate at which frequency changes. In addition to the oscillator, auxiliary

circuits are required to demodulate the fm signal, to count the number
of frequency changes (maxima to minima) per unit time, and to convert

the count to a digital code which is suited to telemetry systems.

tAnother technique using the oscillator- ,.1
type circuit is to utilize the change in Q due to capacitance change wvith - ,.
shaft position. If the nominal oscillator frequency is much higher than

the frequency equivalent of the shaft speed, the oscillator gain may be se-

lected such that oscillations are sustained only when the tank circuit Q is ,

a maximum. In this mode of operation, the oscillations start and stop

as capacitance varies due to shaft rotation, A count of the number of bursts

of oscillations per unit time provides a measure of shaft speed. The var-

iable Q circuit is not suitable for a nuclear radiation environment because

the presence of neutron flux causes a decrease in the capacitor's leakage -

resistance and a corresponding decrease in Q occurs.

(5) Variable Reluctance Tachometer Transducers

(Ref. 163)7

(a) General 0,..

The reluctance of a high permeability magne-

tic circuit of uniform cross section can be approximately expressed by

R eA (2-33)

where .<:•

R = reluctance (gilberts/maxwell) 7--9.
A cross-sectional area (cmZ)

163 Ibid., pp. 37-48.
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I, = average length of the core (cm)

I= effective permeability of the circuit

(gauss/nersted)

In this application, it is con\venient to cotnsider

that ite is varied by bringing magnetic material in proximity to the mag-
netic circuit. The length of the core 2 and the cross-sectional area A are
assumed to be fixed. In order to produce large percentage changes in re- 0
luctance, it is necessary to have an air gap in the high permeability rnag-
netic core. The approximate effective permeability of such a circuit is

U e (2-34)

1+ • n•

where

P m= permeability of core material (gauss/oersted) kn

ae = effective air gap length (cm)

The effective air gap length can be varied

by introducing high permeability magnetic material in the gap or in the

proximity of the gap.

If a coil is wound around the core, the poten-

tial induced in it due to the rate of change of flux is

V -10- = _108 Nd- (2-35)
d t .. ..

where

V potential induced in the coil (volts)

N = number of turns

F = NI = magnetomotive force (gilberts)
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The coil indactance may be expressed by

L N 2 /R (2-36) , 6

whe re

L = coefficient of inductance

It is seen from equations (2-35) and (2-36) 0
that reluctance can be determined from induced potential or inductance. ,".

Bridge and oscillator circuits may be used for the mcasurenient of induc-
tance. They are similar to those previously described for the measurement
of capacitance and, therefore, will not be described in connection with var-
iable reluctance transducers. v.

(b) Transducer Structures

A variable reluctance transformer type tach-

ometer transducer is illustrated in Figure 2-74. For the rotor position
shown in Figure 2-74, the reluctance is minimnum and the potential induced
in the secondary winding is maximum. Numerous other configurations may
be used. Figure 2-75 shows a gear type chopper structure and Figure 2-76
shows a differential transformer with a similar type chopper. -

Assuming sinusoidal variation of permeability,

regulated cu-rcnt source, and equal permeability of the chopper and core,

equation (2-35) for a dc excited transducer can be reduced to

A
V = (1 (0-8/) N1N, IA A,. C )u sin n,)t (Z-37)

where

I excitation current (amperes)

N1 = nunmber of turns on the excitation winding

N 2 = number of turns on the outlput winding

0),, (2r/60) nP (radians)
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Fig. 27.Gear Type Chopper Transducer Structure

.IeP resolution or number of reluctance changesI
* per shaft revolution

P e peo +A. rOs 0) --
t

Ae (0/2-) Q max 1%4 min)

/eo lV)ie max + 11emrin)

For high permeability core and chopper,
i. e., for ILm > (1/a), ue can be calculated from equation (2-34) and
ia approximately equal to

A -b( + a)

Za (a. b) (-8

where (See Figure 2-74)

a actual air gap length (cm)

b =thickness of chopper (cm)
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Fig. 2-76. Differential Output Transducer Structure

For the ac excited transducer case, the
induced potential in the secondary is a 'Unction of the effective permeability
and is approximately equal to

r4

V= (10- 8 /, )N N2 Ac I /eo [c( si (i)ct

/eo

sin t s in( t + .)](22..39)
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whe re

I W Ct excitation current (amperes)

For measurement of low speeds and/or
low resolution, it may be assumed that U C >> Wrn and equation (2-39)
reduces to

V= (10-8/f) NI N A Ic eo Ue o c . :

4 ~AN
Ve

sin W) t 1 + e cos )t (2-40)c m"
Pea /

Equation (2-40) is for an amplitude rnodu-
lated signal and the modulation index is (See Figure 2-74)

A
e ab +b (2-41)

/eo 2a + ba- bf

It is seen that the percent modulation is
limited by the minimum spacing between the rotor and stator. For an ideal
differential output transformer (See Figure 2-76), the steady-state compo-
nent of the output signal (the component of the output which is independent
of rotary speed) is cancelled and the unity in brackets of equation (2-39) drops
out. The output voltage from an ideal differential transformer, therefore, is
a suppressed carrier type signal. Smaller percent changes in reluctance can
be detected using the differential output transducer than the ordinary trans-
former circuit.

(c) Magnetic Sensor (Ref. 164)

From the preceding discussion, it is apparent
that the variable reluctance transducer requires both a chopper and sensor.
The following paragraphs provide information on a particular type of sensor.

164 Elam, David and Lloyd A. Thacher, "Magnetic Pickups -- Operation
and Applications," Electrical Manufacturing (June, 1960).
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This is presented by way of example, and it is not implied that the des-
cription or characteristics are typical of all such sensors available from
manufacturers.

A magnetic sensor consists of a cylindri-

cal permanent magnet with a coil of copper wire wound around it, as shown
in Figure 2-77. Generally, to save space, the coil is not wound directly :4

Pole piece---
Insuloe 0, ol0• i~

•e i Shell . . .

Coil of codper wire Mogne,

Fig. Z-77. Cutaway View of Magnetic Sensor

on the magnet. but on an insulated spool which slips over a smaller-
diameter pole piece that is attached to the end of the magnet. This assem-.
bly, typical of those manufactured by Electro Products L.a..ratries, is __

resin-potted in a stainless steel, threaded, mounting shell. A special high-
temperature cement is used for the potting material if the pickup is to be
used in extreme environments.

The magnetic sensor generates an electrical

voltage whenever the magnetic field around it is disturbed. The details of

this operation are shown in Figure 2-78 where the dashed lines (b) and (f)
represent the normal lines of force created by the magnet when there is no
extraneous magnetic material in the vicinity. When a piece of magnetic -

steel is brought near the head of the pickup, the lines of force shift. as re--
presented by the solid lines (b') and (f'). As the lines shift position, they
cut across the coil wound on the pole piece and generate a voltage in it.

The output voltage depends upon the rate of

change of the magnetic field. This in turn, is dependent on three factors:
(1) the clearance between the pickup and actuating medium, (2) the rate of
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movement of the actuating medium, and (3) the size of the actuating

medium. As shown in Figure 2-79, output voltage tends to be inversely .,-

proportional to the clearance between the head of the sensor and the ac-

tuating medium. Output versus speed, for several sensors manufactured

by Electro Products Laboratories, is shown in Figure 2-80.

In actual applications, the sensor is ac-

tuated by the teeth of a gear, the blades of a turbine, spokes on a wheel,

or a steel part such as a screw mounted on or inserted in a moving, non-

magnetic material. The most common application is the measurement of

rotary speed from the teeth of a rotating gear. Small-tooth gears (20- _4
pitch or higher) produce an output which is practically a sine wave.

Coarser teeth produce a more distorted output, but the peak-to-peak volt- . ,.

age values are higher (Figure 2-81). The outputs for single activating

Sensor I Sensor 2

0 ((joY)::::!

1t001J\

Output of Sensor I Output of Sensor Z

Fig. 2-81. Output Waveforms Produced by

Fine- and Coarse-Tooth Gears
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masses of two different sizes are shown in Figure 2-82, and it is seen
that the sidcs of the projecting mass influence the shape of the output
wave. A straight-sidcd projection produces a sharp waveform and a pro-

jection with a relativety large flat top will produce a waveform having a
time interval between positive and negative peaks. ,

Activating Mass Activating Mass

Sensor 1 Sensor 2 *

Output of Sensor 1 Output of Sensor Z

Fig. 2-82. Outputs Produced by Two Sizes of

Single Activating Masses

It is desirable to actuate a magnetic sensor
with a protrusion from a metallic surface rather than with a keyway or slot
in the surface. When one of the latter is used, the sensor is closer to the 4
entire mass of the exciting material and more vulnerable to unwarranted
background signal due to varying density or eccentricity of the material.
On the other hand, when excitation is from a protrusion, the sensor is a
relatively greater distance from the exciting material aid less likely to
pick up stray signals between excitation periods.

With any given speed and clearance condi-

tions, maximum power output results when the field of the sensor is filled
with a relatively infinite mass of magnetic material at one instant and a -

complete absence of such material at the next instant. Using the notations
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in Figure Z-83, this condition can be achieved by making A equal to or
Sgreater than B, B equal to or greater than D, and C equal to or greater

*than 3 x D. These are the optimum conditions.

Magnetic Sensor

-4° 4--

C%

Fig. 2-83. Diagram for Determining Dimensions for
OpDa timeum Operation of a Magnetir- Senor

It is possible to excite magnetic sensors

through thin sections of non-magnetic substance. This type of barrier is4
often desirable when the exciting means is in an environment of undesirable
liquids or gases, when it is necessary to provide a seal against pressure,
or in extremely hot environments. With non-metallic separators, the output
of the sensor is affected only by the increased clearance due to the thicknes's
of the separator itself.

Metallic separators between the sensor and

the actuating device reduce the output appreciably. This is due to allshorted

I". I
turn efet icIdycretis aresindued in ecte metaltic separaors.Li"

,,~ ~ Ls ofte oututirab reawhes whxithn ouptfequnsciyi and benvionment ver sevesrabe "-a"t
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(6) Eddy Current Tachometer Transducers (Ref. 165)

(a) General

The parameters of interest in eddy current ---

transducers are inductance and resistance of the air core coil sensors. A
conductive element attached to or part of a rotating shaft effects parameter
variations as a function of shaft rotation. The current passing through the -. ,
transducer coil creates a magnetic field and this field induces eddy currents
in the highly conductive element which passes near the coil. The eddy cur- .. .-

rents, in turn have an associated magnetic field which opposes the original .' -

field. The superposition of the two fields reduces the effective inductance
of the coil. For an element with finite conductivity, there is a power loss
due to the eddy currents flowing in the element. As a result of this power
loss, the effective resistance of the coil is increased.

A detailed treatment of the eddy current type
transducer will not be presented herein. For a detailed analysis and some
experimental data, the reader is referred to the above listed reference.

(b) Transducer Structures and Circuit

The structure of one eddy current transducer ,
suitable for measurement of rotary speed is shown in Figure 2-84. The

structure is simple since no magnetic materials are used in its construction.
The conductive chopper element is attached to a shaft so as to rotate in the
proximity" of the sensor coil and thus effect a change in inductance.

A gear type structure is shown in Figure 2-85.

This has been found to be most suitable from the standpoint of mechanical 1.
strength and stability, maximum resolution, and minimum effect of temnpera-
ture on transducer performance (Ref. 166). In order to increase signal level,
multiple coils (up to as many in number as there are teeth on the chopper) .
can be 1ncatcd around the periphery of the chopper and connected in series.

165 Viskanta, o2. jir., pp. 49-72. -

166 Tbid. p. 64.
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METALLIC i

CHOPPER

COIL-

DIELECTRIC
FORM V SHAFT

4K- 0
TO DETECTOR

( CHOPPER

/ 0

- COIL

CHOPPER POSITION FOR CHOPPER POSITION FOR
MINIMUM COIL INDUCTANCE MAXIMUM COIL INDUCTANCE

Fig. 2-84. Sketch of Simple Eddy Current Transducer
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Fig. 2-85. Gear Type Structure .

When a secondary coil is placed in proxi-

mity to the primary excitation coil and chopper, a mutual-inductance eddy - -

current transducer is formed. In this case, the mutual inductance is a

function of the chopper position.

A schematic diagram of an experimental

circuit is shown in Figure 2-86. A bridge type detector is used in order

to detect small percent changes in inductance. Both bridge arrms are tuned

to parallel resonance by capacitors in parallel with the coils. The bridge

output is an amplitude modulated signal and 50% modulation has been obtained -

during cxp-eii-cixl work (Ref. 167). Experimental results indicate that an

eddy current sensor having high resolution and speed range from zero to

50, 000 rpm can be designed. I
2-7 MEASUREMENT OF FUEL QUANTITY

Operational characteristics of high-performance aircraft, missiles, -

and rockets have created the need for accurate fuel measuring devices that -

can be applied to all types of fuels, tank configurations, and attitudes. Fur-

ther, the environmental conditions may vary over wide ranges during flight. , .-. I
Fuel systems and measuring device's have been subjects of continuing

studies and experimental work. Some of these techniques are discussed in

the following paragraphs.

167 Ibid., pp. 69-71. "1
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a. Optical Discrete Point Fuel Measuring System (Ref. 168)

The optical probe is based on the principle that light will be
transmitted through a glass-liquid interface and will be reflected back from
a glass-air interface. This principle is illustrated in Figure 2-87. Each
sensor probe is made up of three basic parts as follows:

1. A light source
2. A short glass rod
3. A photosensitive element

These parts are positioned so that the light is directed into
one end or surface of the glass element, and the reflections from the air-
glass interface are received by the photosensitive element at the instant
the fluid meniscus breaks away from the tip of the glass rod or when the
liquid recovers the glass surface.

By using the proper amplification and coupling techniques, it ,-
is possible to use the output signal of the photosensitive element to modulate
a telemetering subcarrier oscillator. Thus, a transmittable signal is avail-
able, by which an accurate measurement of the liquid level at a discrete
point can be made.

Apparent limitations of the discrete point optical device are as
follows:

1. Erroneous signals occur when sloshing fuel
alternately covers and uncovers the probe.

2. The device requires a large amount of wiring,
both to light sources and to the photocells.

3. The device is essentially a level indicator and .

is not read~ilyr -- dapt+abk1 to rnc rnesaernn

4. Any coating action by the fuel on parts of the [4
optical system may decrease the sensitivity of
readings and cause erroneous readings.

168 Lucic, A. and R. C. Beckwith, Fuel Quantity Measuring Techniques
Development Study , Autonetics, a Division of North American Aviation,
WADD TR 59-785, January, 1960. pp 8-18.
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See Detail ''A''

LIGH-T GLASS ROD
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Detail "A"

Fig. 2-87. Operating Principle of Optical Mo(ýnitor System
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b. Continuous Typc Optical Fluid Level Sensor System (Ref. 169)

Expe ritnental work toward the development of a continuos-...-

type optical fluid l.evel sensor system has been carried out by Autonetics,
a division of North American Aviation. The necessary characteristics of

this system were defined as follows:

1. The light source must have uniform light output throughout
its length, must be capable of being produced in different ct

lengths compatible with tank dimensions, and must be con-
toured or contour masked to compensate for tank dissynime- -

tries. The light source must also be capable of being.
fastened intimately to an optical surface and sealed to per-

mit immersion in liquid fuels or oxidizers. Further, it
must be capable of withstanding temperatures in the range
of -55' to +70'C, which should be extended to -247' to -

+3500F to meet extreme environmental conditiojns.

2. The system must have good optical properties and the capa-

bility of being produced in lengths which are compatible
with tank dimensions.

A contiTnuoucs tpe optica3 fluid level system may consist of

the following parts:

1. A 45' prism with optically ground surfaces whose length is a "
function of tank depth. .

2. A light source capable of being intimately attached to one-

half of the prism surface which is opposite its 90' angle, and
whose length is also a function of tank depth.

3. A photovoltaic strip cell capable of being intimately attached -

to the remaining one-half of the prism s-urface which is oppo-."
sit.e its 90' angle. The strip cell length is also a function of -

• depth of the tank.

169 Ibid., pp. 19-32.
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Figure 2-88 illustrates this system wherein the prism, elec-

troluminescent (EL,) light source, and photovoltaic cell are located within
the tank. Light paths are shown in Figure 2-89

B-17 PHOTOCELL

EL LIGHT SOURCE

Fig. 2-88. Continuous Type Optical Fuel Level Sensing System

When the prism, light source, and photocell are immersed in

a liquid whose index of refraction is near that of the prism, a large portion
of .he light diff•.use through thc liqu-id. Howeve...r, when the p rim1

posed by liquid level changes, the light is reflected internally within the
prism to the photocell in accordance with the law that the "angle of incidence L.--; -
must equal the angle of reflection." When light passes from any medium to
another in which the light velocity is greater, refraction greatly diminishes
and reflection begins at a critical angle of incidence 0 such that

sin 0 1 l/n (Z-42)
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+LIGHT PATH WHEN PRISM IS SUBMERGED

ANGLE OF REFRACTION - I

LIGHT PATH WHEN
PRISM IS EXPOSED

o• -- • ANGLE OF
INCIDENCE

EL LIGHT SOURCE B-17 PHOTOCELL

Fig. 2-89. Light Paths in Continuous Type Optical
Fuel Level Sensing System

where

nx the index of the first medium with respect to
the second medium

With the prism uncovered, the second medium.
is air, thus

n n 1 /n 2  (2-43)

For zinc crown glass, ni = 1. 517;

therefore

n 1. 517/1

and

sin 0 = 1/1. 517 = 0. 662

0 = 410, 27 minutes
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If the angle of incidence is 45' and greater

than the critical angle, then theoretically total reflection will occur.

When the prism is immersed in water

n = nl/n 2  = 1. 517/1. 33 = 1. 135 (2-44) -.-

therefore L

sin 0 = 1/1. 135 = 0.88

and

o 610, 39 minutes

When the prism is immersed in benzine,

n2= 1. 526

n= 1. 217/1. 526 0. 995 (2-45)

therefore

sin O 1/0. 995 1. 00

and

0 = 900

In the above examples, the critical angles

are larger than the angle of incidence and reflection will be very small.

The incident light will pass through the prism and be diffused in the liquid.

Thus, the light received at the photocell will be at a minimum when the

assembly is completely immersed in the liquid.

c. Ultrasonic Discrete Point Fuel Measuring System (Ref. 1.70)

(1) Operating Principle

The presence or absence of a liquid at a predeter-

mined tank level mnay be monitored by means of a system employing a

6 -v

170 "Ultrasonic Liquid Level Switches, Document DO 550B,

Acoustica Associates, Incorporated, Los Angeles, California.
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crystal oscillator circuit with the piezoelectric element positioned at
the desired measuring level. The oscillator-type level switch is somne-
times referred to as an ultrasonic level switch if its circuit oscillates
at an ultrasonic frequency in the absence of a liquid surrounding vhe pie--
zoelectric probe. A frequency of approximately eighty kilocycles is used
in systems manufactured by Acoustica. Associates, Incorporated.

The level switch system consits of a piezoelectric
probe connected by a cable to a control unit containing the oscillator cir-
cuit and a relay. A block diagram of the basic system is shown in Fig-
ure 2-90. Incremental changes may be detected by employing several

systems with probes located at various levels.

The level sensing probe is basically a piezoelec-
tric crystal bonded to the inside of the probe tip. This crystal is a part

of the oscillator resonant tank circuit and vibrates at its natural frequency
when the probe is exposed to air or gas. Under this condition, the acousti-"

Tank

Ultrasonic / /-i

Probe Cc Oscillator Relay Telemetering
N• ~ ~Circuits..

Control Unit"':'1 ;

Fig. 2-90. Block Diagram of Oscillator Le...l Switch

impedance experienced by the crystal is relatively low, and therefore, it

is free to vibrate so that continuous oscillations occur. When immersed
in a liquid, the probe's acoustic impedance increases and oscillations

cease because of the damping effect of the liquid. The relay is coupled
to the oscillator circuit, and its contacts may open or close to provide
the desired switching action when the oscillatory state changes.
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Probes which are hermetically sealed and have
very low input power are considered to be practically exploajion-p roof.9
They have been manufactured to operate over a large temperature range
(-320o to +3500 F) and are accurate to within 0. 1 inch in a wide variety
of liquids.

(2) Mounting.

The accuracy with which level can be sensed is
influenced by probe placement. As indicated in Figures 2-91, 2-92, and
2-9 3, they can be mounted in three basic ways: vertically, horizontally,
or inverted.

The vertical mounting affords the most accurate

switching. Switching action always occurs at point A (Figure 2-91) re-

sulting in accuracies as great as o1/64-inch. This accuracy is limited
by meniscus effect, which can result in slight lags in switching during --

rank voiding operations.

A k

Fi. -91. Horizontally Mounted Probe
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The horizontal mounting is used in operations
that require mounting the probe through the tank wall. With this type
of mounting, the switching action occurs between points B and C (Fig-
ure 2-92) which may be approximately 3/8-inch apart. The exact
switching point will, vary from probe to probe. With the horizontal

C

Fig. 2-92. Vertically Mounted Probe

mounthig, however, the switching point on an individual probe will remain" "

constant for both vciding and filling operations.

Aprobe. o•-luuii-d in the inverted position (such as

mounting through the bottom wall of the tank) will not provide the mea-
surenrent accuracy of the vertically mounted probe. Switching action will
not occur exactly at point A. (Figure 2-93). The effects of side-loading on
the piezoelectric probe, resulting from the liquid mediumn around the probe
between points A and D, cause variances in the switching position from one
probe to another. However, as with the horizontally rnounted probe, there
is no variation in the switching position of an individual probe in voiding
and filling operations. Switching will occur somewhere between point D and
a location slightly above point A.
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A

A " :

Fig. 2-93. Inverted Mounting

Regardless of the probe mounting position, care

mlust be eert-seod in the tc.-ligan of the installation to ensure optimum per-

formance. Air bubbles entrapped about the probe, adhesion of liquid to

the sensitive surface through surface tension, sloshing, vortexing, and tur-

bulence effects must be avoided or compensated. If air bubbles are en-

trapped about the sensitive surface of the probe, a dry condition could.'

possibly be registered even when the probe is immersed in the liquid rne-

dium. The adhesion of liquid to the probe, even when the level of the liquid

is below the probe, can result from locating a vertically mounted probe too

close to the bottom of the vessel. The liquid, especially a liquid of high

viscosity, will adhere to the probe by surface tension and will cause a wet

condition to register when the probe is actually dry.

Sloshing and vortexing effects represent a problem

that is not so easily overcome. Liquids splash on the sensitive surface of

an otherwise dry probe and cause a momentary wet condition to be registered.

To minimize this effect, stillwell assemblies may be designed for damping

out turbulence. The probes can be mounted in a stillwell to maintain the true
level of the liquid 'under severe conditions of vibration and sloshing. :',
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d. Ultrasonic Continuous Type Liquid Level. Sel.•sin•: .'-•.:!a]

System (Ref. 171) . . .

This system, manufactured by Acoustica Associates, Incor- .%-'.',
porated, consists of two Invar rods placed in a stillwell. Lead zirconate [•.•,

transducers are affixed to the top of the rods. A pulsed 100-kc square
4.

wave is applied to one rod, and the time required for the pulse to travel •-.•-G

the length of the rod, across the liquid interface, and return through the .•.•.•.•

length of the other rod, is measured• The time mea.surement is propor- .'.'-'F-'.
tional to fuel height. "'•'"-'•

,'4":-1-:
The transducers and rods are capable o[ operation at 350•C.

e. Gulton Industries Sonar System (Ref. 172,) ':i:1:-•

An ultrasonic system developed by Gulton Industries has its .•-.• ,,
transducer mounted externally on a tank at a spot that has been machined:•,."',"'-"

to a thickness that will prevent undue attenuation of the signal, An ultra- .•.•

sonic pulse generated by the transducer is reflected from the fuel-air["'-*•'-...
surface back to the transducer and retriggers the pulse transmitter. The,.\.,•*"'*"',"
repetition rate of the pulse transmitter is a direct measure of the height •'.•"::

of the liquid level. '..\-.,,

Accuracy of this system during static liquid conditions is about [:•'•J•

0. 1% using digital output. In converting to analog output, the accuracy drops .:-. -,
to about 2%. At some sacrifice to accuracy during slosh, it is possible to "•'•""

• • • •,:
use a wide sonar beam up to 30° and obtain liquid level indications that would ". :,'J,
be otherwise impossible to obtain. Attitude changes above 30° will give no •':7•'•

return signal and the system becomes •noperative.

f. Bogue Electric Company Sonar System (Ref. 173) "'•'""

%" °.'°-

This system employs repetitive ultrasonic pulses to obtMn true .•.•.-.•.•

rc•easurement of liquid height. A sinusoidal voltage pulsed at a 60-cps rate : ...... •'

171 Luci, op. cit. pp. 35-36. -'.-'-"'

17Z Ibid., pp. 36-39 -""..-

173 •Ibid" , pp. 39-52 ...,.- " - •.-,.
-.-.q-£

WADD TR 61-67 ".5"-2""
VOL I REV 1 185 •-•"*'*O

.:-<<.

S.. . . . . . . . . . . . .,-,-- -, -: -• -. > -. .... - '.: .- -.- -' . > '-:-.'-:,'-V % ',-



is impressed on a barium titanate transducer. In response, the transducer

directs an ultrasonic pulse to the liquid-air interface. The time interval
required for the pulse to round-trip the liquid path is converted to a voltage

which is directly proportional to liquid height. A second transducer spaced

exactly one foot from a metal reflector provides an exact calibration facility

for any given temperature. Figure 2-94 shows the relative positions of the
transducers and calibrating reflector plate.

CALIBRATING TRANSDUCER

QUANTITY SENSING TRANSDUCER

CALIBRATING REFLECTOR

Fig. 2-94. Sonar Transducer and Reflector Assembly

g. Rocketdyne-Autonetics Sonar System (Ref. 174)

Rocketdyne and Autonetics divisions of North American Avia-
tion have done some research in a ornmmon effort toward the anppication of

a sonar fuel measuring system. The system operates on a sound ranging

principle in which a pulse of electrical energy is converted to a pulse of
sound energy by a sonar sensor.

The primary frequency of the electrical pulse is 400 kc, the
pulse width is 20 microseconds, and the pulse repetition rate is Z5 pulses per

174 Ibid., pp. 52-59.
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second (pps). A sonar sensor is located at or near the bottom of each

propellant tank and is directed toward the propellant surface. When an

electrical transmit pulse is applied to the sensor, it is converted to a

sound pulse which travels through the propellant to the surface. It is

then reflected back to the sensor and reconverted to an electrical pulse.

For calibration purposes, a small portion of the transmit pulse is con-

ducted over a known path length within the propellant and returned to the

sensor. The transmit, calibrate echo, and surface echo pulses are used

to trigger a telemetering subcarrier oscillator. The system has been

used in conjunction with fuel and oxidizer tanks. In this case, the fuel

and oxidizer sensors are pulsed alternately, each at the rate of 25 pps.

This procedure allows the use of a common tuned receiver, telemetering

subcarrier oscillator, and telemetering output for both propellant level

measurements.

h. Radiation Sensor Fuel Measuring System (Ref. 175) .

A radiation fuel gauge basically consists of a source of gam-

ma radiation placed on one side of a container filled or partly filled with

liquid to be measured, and a measuring cell located directly on the oppo-

site side of the container. (See Figure 2-95). Gamma radiation is partly

absorbed by the liquid and this absorption is measurable. This measure

is a function of the liquid's density. _

Two types of radiation emitters may be used: (1) Cs 1 3 7 has

a half life of 33 years and a low gamma radiation ( 0. 662 MEV), and (2)

Co 6 0 has a half life of 5. 3 years and a high energy radiation ( 1. 17 and 1. 33

MEV).

Because all the measuring components are located on the out-
side surface of the tank, the functioning of the radiation gauge is not affected '<:1

by temperature, pressure, viscosity, abrasion, corrosion, fungi, conduc-

tive additives, flow, and agglomeration. Furthermore, since it has no -- "-

moving parts, the life of the gauge is practically unlimited and maintenance

requirements are practically nil.

175 Ibid., pp. 72-166.
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OUTPUT SIGNAL t. "

/V •r_'•

SOURCE OF CELL STACK
GAMMA

RADIATION t

Fig. 2-95. Radiation Gauge Principle

(1) Advantages

Some of dh e advantfaoe in us na the radi-a tion fuel!

gauge are as follows:

a. Direct application to exotic fuels and oxidizers.

b. M-Aeasures fuel mass directly, so there is no need

to convert volume to mass. Mass measurement
is independent of fuel temperature; therefore, tem-
perature compensation is not necessary.

c. Reliable operation in the presence of fungus or
other impurity.

d. Attitude compensation is accomplished without added
weight or electronic complexity.

e. Fuel quantity measurement is independent of fuel
type.
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f. All components may be located externally'"-"
to the fuel tank, thus providing greater sime- -:.

plicity in comparison to other fuel mass''"

measuring systems. ,'' ..

(2) Disadvantages ii:i-
Disadvantages in using the radiation fuel gauge .•.'

include the following: .. ''

a. In very large fuel tanks where depth of fuel ,-•..
exceeds 3 feet, the choice of detector posi- •:.il

tions becomes less flexible. In most cases,
it will probably be placed internally at selected •••!

locations. This procedure is necessary to con-.-..'-
trol attenuation due to radiation absorption.

b. Linearization of out-put in complex-shaped tanks___''° -
requires the use of computer techniques or in
the absence of a computer, trial and error methods."'"

c. The system at the present state of development is '"-,
inoperable in strong nuclear fields or in the Van "'
Allen,, bclt at 40.0 to 5•00" xx' above the earth. .••

d. At moderate altitudes up to 100, 000 feet , cosmic ''
radiation compensating circuits may be required...-.'
if currently available Geiger-Muller (GM) tubes "":'
are used as detectors. The presently used photo- -. ,.-
nmultiplier tube or the proposed multicellular tubes •••
have inherent characteristics for separating cosmic i

ray counts from gamma ray counts.

e. The use of the photornultiplier tube at temperatiires-1c: -
over 1500 F requires additional cooling. GM tubes
are proposed, however, which will operate at -
350 0 F and will withstand 750°0  .,'

i. SONARAD (Ref. 176)

A fuel measuring system, known as SONARAD has been developed !:::
by Autonetics, a division of North American Aviation. It combines the best•:.--

176 Ibid. , pp. 167-198.
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features of ultrasonic and radiation fuel quantity detection systems. In
its ultimate configuration, it can always be in operation regardless of the

attitude or level of the fuel in the tank. The radiation portion of SONARAD
is particularly effective during slosh condition and attitudes above ± 10*.
The ultrasonic portion is inherently a very accurate system and is capable
of measuring 0. 01 inch in 24 feet. The maximum usefulness is during
filling operations and during level flight conditions. :

A complete description of this system and test results are .-

given in the above listed reference.

2-8 MEASUREMENT OF AC POWER -- THE HALL WATT TRANSDUCER
(Ref. 177)

a. The Hall Effect

If a conductor carries a current at right angles to a magnetic
field, a charge difference is generated on the surface of the conductor in
a direction which is mutually perpendicular to both the field and the current.
This is known as the Hall effect which was first discovered in 1879. The
development of very high mobility semiconductor compound such as indium-
arsenide (InAs) and indium-antimonide (InSb) has made possible the practical
application of this laboratory phenomenon. As an example, the Westinghouse
Electric Corporation has designed a Hall generator consisting of a thin wafer
of InAs. It is essentially a solid state multiplying element which provides an
output voltage proportional to the product of two electrical quantities. Fig-
ure 2-96 illustrates the principle of the Hall effect wherein the electrical
quantities are the cv.rrent passing through the semiconductor and the magne-

tic field perpendicular to it. -

The multiplying characteristics of the Hall generator are best
described by the Hall equation which is as follows:

vH= (R ic B/d) 10-8 (2-46)

177 Barabutes, T. and W. J. Schmidt, "Principles and Considerations
in the Design of a Hall Multiplier, " Paper No. CP59-875, American Insti-
tute of Electrical Engineers.
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Fig. 2-96. Principle of the Hall Effect

where

v = instantaneous Hall voltage in volts

i = Hall constant iii ohnm-crn3/c(uulomb[

ic = instantaneous control current in amrperes

BD = instantaneous flux density in gauss

d thickness of Hall generator in cm

It is possible to have an output from the Hall generator with I
only control current applied. This output, called the null voltage, is due

to the ..hhrication. difficulties countered in connecting the Hall output leads
to the generator. The magnitude oi this null voltage- depends upon the -- ag-
nitude of the control current and how closely the output leads are connected
to equipotential points on opposite sides of the generator wafer.

"It is possible to have an output from the Hall generator with only
a field applied, if this field is varyinc. This voltage may be induced in the
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output by flux linking the output leads. It can be minimized by making

the plane of the loop, formed by the output leads, parallel to the magnetic
field.

b). The Hall Multiplier

In order to make use of the Hall generator's multiplying

characteristics, the generator must be placed in a magnetic field. Fig-
ure 2-97 illustrates the basic components of a Hall multiplier. The control

current iic) is applied directly to the generator while the magnetic field

ane, the air gap of a "C" shaped magnetic structure is produced by a cur-
rent if.

I---.

IC

•" " • ~~OUTPUT,,""

Fig. 2-97. Hall Multiplier

If the magnetic structure acts linearly, the flux density in

thu air gap will be given by

B = K i (2-47)

where

K 1  constant of proportionality depending on the
design of the magnetic structure in gauss/ampere.
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i instantaneous field current in am -es.

Substituting equation (2-47) in equation (2-46) yields

v= K> jf 1 (2-48)

where

K? (KI R/d) i0o 8 ; a constant depending upon the -
parameters used in the design of the various
elements.

The development of equation (2-48) shows that the device illus-
trated in Figure 2-97 will produce an output voltage proportional to the pro-
duct of two input currents.

c. The Hall Watt Transducer

An ideal application for the Hall multiplier is the measure-
rment of ac power. Figure Z-98 shows how the multiplier is connected to
perform this measurement. The field is energized by the current in the

LOAD

LINE

Fig. 2-98. Hall Watt Transducer
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line, and the control circuit is energized by the line voltage. The re-
sultant output from the transducer is proportional to the power bcing
delivered by the ac circuit. The Hall Watt Transducer shown in Fig-• ,
ure 2-98 is connected to measure single phase power. To extend its
application to polyphase power measurements, two or more such de-
vices may be used with their Hall outputs connected in series.

The above described conditions may be ex-pressed mathe-
matically by equation (2-49) which states that the field current is pro-

*' portional to the line current, and by equation (2-50) which states that the
control current is proportional to the line voltage.

if = K3 iL (2-49) -_

where

i instantaneous line current in amperes,,,,

eL= instantaneous line voltage in volts
3= constant of proportionality between if and'-.

K4 constant of proportionality between ic and eL,

Substituting equations (2-49) and (2-50) in equation (Z-48) results in

Vl = K2 K 3 K4 iL eL (2-51)

It may be assumed that the line voltage and current are given by

iL = max sin dt -i E0) (2-52)

andi

e Emax sin t t (2-53)

Substituting (2-52) and (2-53) in equation (2-51) giv3.3

vH Kz K 3 K I E sin (CU t +- 0) sinmat (2-54)
H 34 nim
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By expansion of equation (2-54) it is seen that

v K K K (I E 12) [osn - cos (Ztdt+) (2-55)

Since the frequency response of the Hall generator is in the order
of one megacycle, the output will follow the instantaneous power wave which is
expressed mathematically by equation (2-55). Inspection of this equation shows
that the transducer output contains dc and ac components. The dc term,
(I E /2) cos 0, is proportional to the true power in the ac circuit and is,
thereFore, a measure of this power.

2-9 MEASUREMENT OF ACCELERATION (Ref. 178)

Acceleration is the rate of change in velocity. Most acceleration K
measurements are made to determine the forces involved, which can be "-
computed, since F = ma. If deflection is the quantity required, as in vibrations.
the measured acceleration can be integrated twice to obtain it.

There are two general types of accelerometers, linear and
angular. A linear accelerometer is a mass which is free to move in one direction
only and against a restraining spring. If the free period of oscillation of the
accelerometer is less than that of the acceleration, the deflection of the spring
is proportional to acceleration. The free period of the accelerometer decreases
as the mass is reduced or the spring stiffened, either of which results in a
decrease in sensitivity. The sensitivity is defined as the deflection of the spring 14
per unit acceleration. To measure accelerations occuring in shorter time interval.,
greater sensitivity in measuring deflections is required.

In angular accelerometers a symmetrical mass in the form of a '.

disk is mounted so that it may deflect about its center of gravity. The angular
deflection, restrained by a spiral spring, is proportional to angular acceleration.
The angular deflection, which is kept small by choice of spring stiffness and
the moment of inertia of the mass, is detected by an electric pickup, such as
a differential transformer an E-type inductance pickup, or an electric resistance.
Liquid damping is usually used. Response to rapidly imposed accelerations can
be secured only by decreasing the period of oscillation, thus decreasing the
sensitivity.

Figure 2-99 (Ref. 179) shows a schematic of a fundamental linear
accelerometer in which a mass is suspended from the accelerometer case by

178 Mc-Graw-Hill Encylopedia of Science & Technology, Vol. 1, p. 27 & 28

179 Eugene B, Canfield, "Accelerometers and Their Characteristics," _
Ordance Dept. , General Electric Co., Pittsfield, Mass.
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means of a spring. Damping is accomplished by either mechanical or electrical
means and the case is mounted rigidly to the device whose acceleration is
desired. The relationship between acceleration of the case and motion of the
mass can easily be developed. See Appendix IV for detailed derivation. Assuming - -

the accelerometer damping constant is close to unity, the accelerometer will
give an indication of acceleration if moved at frequencies from zero to
approximately the resonant frequency. At excitation frequencies above resonance,
the output no longer is proportional to acceleration. 0

The diagram in Fig. 2-100 shows an adaptation of the basic
accelerometer of Fig. 2-99 to a problem requiring relatively low accuracy.
The mass is supported on a rod and restrained at either end by slightly corn-
pressed springs. Damping may be accomplished pneumatically or by means
of oil flowing through the small clearance between the mass and the case.
Output is available from a potentiometer pickoff. The advantages of this class
instrument are:

1) low cost

2) simplicity and reliability
3) freedom from cross talk

The disadvantages are;

D nnnr th reshold level due to friction

2) poor resolution due to type of pickoff Va
3) poor repeatability due to hysteresis in spring plus .-

friction effects
4) low resonant frequency (in order to provide maximum

travel of mass).

A more sophisticated version of the same type of accelerometer
is shown schematically as Fig. 2-101. Here the mass is surrounded by oil
or other fluid to give damping. The oil may also act to reduce friction. A
stiff magn-edic or possibly h-ydraulic suspension may be used to keep friction
to a minimum and prevent the mass from rubbing the guide rod in some
applications. Unfortunately, in order to accomplished this, the suspension
means mast be very stiff if the instrument is subjected to large accelerations
along axes other than the sensitive axis. Instead of a mechanical spring, an
electrical spring is used to restrain the mass. The electrical spring is made

up of a pickoff such as the E-type shown, an electronic amplifier and a linear
motor. Since the motor produces force on the mass as a function of its current,
the current into the motor is directly proportional to acceleration. Accelerometer
output is usually taken as a voltage across a resistor in series with the motor
winding.
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Direction of motion

Accelerometer (ase

S Moss SupPort rindl 'i
Spring V m

Spi~ng

2Fi. 2-99 Fundamental linear accelerometer. Fig. 2-100 Adaptation of basic uinit shown in
Fig. 2-99 for relatively low accuracy use.

,~-#,,. Oil filled

Guide rod

Fig. 2-101 Accelerometer with mass floated in oil to minirnizo. fric~tiont and
prevent mass from being forced against guide rod by accelerations along
axes other than the sensitive one.

Series

4*755 P'C'loff Amp/rfiv, mlrO

MaE, I Y

Fig. 2-102 Block diagram of accelerometer shown in Fig. 2-101.
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Equations relating the motion of this device are presented in
the Appendix IV. The advantages of this type of instrument are:

1) high resonant frequency possible
2) hysteresis effects eliminated, excellent repeatability

A 3) low threshold level

"4) good resolution and sensitivity to small changes in
acceleration

5) freedom from cross talk

This device is more complex and costly than the simple instru-
ment of Fig. 2-100. Unfortunately, the mass cannot be floated to neutral
buoyancy as in the pendulous accelerometer, and adequately stiff suspensions
often are not practical. Therefore, the friction deadband level may run
higher than in the floated, magnetically suspended pendulous accelerometer...
Absolutely accuracy of this accelerometer is dependent upon the linearity
of the force motor, the stability of the output resistor, and the friction
deadband.

An accelerometer of intermediate quality between that of Fig. 2-100
and 2-101 is shown by block diagram in Fig, 2-102. The schem atic is as in
Fig. 2-101 but the mass is not suspended or dan ped. Cost is reduced at
sacrifice of threshold level and resolution and lack of damping must be com-
pensated for in the electronic amplifier. The equations for this type
accelerometer are given in the Appendix IV.

Another class of accelerometers is represented by the pendulous
type shown in Fig. 2-103.

.4 
1-

In this instrument a pendulum is suspended on an axis so that it
is free to move through an angle with respect to the accelerometer case.

Damping again is accomplished by either mechanical or electrical means and -',Wa

the pendulum is restrained by a torsion spring. See Appendix IV for derivation -,

of equation.

,N In actual practice, the pendulum is of the compound type shown
in Fig. 2-104. This type is broken down into two components: a mass whose
center of gravity is concentric with the axis of rotation, 0, and a small mass
"on the periphery of the pendulum. This small mass provided the unbalance

"-, of the compound pendulum and is assumed to be concentrated at a point. Thus,
this unbalanced mass is assumed to act in exactly the same way as the mass of
a simple pendulum. The force of linear acceleration of this mass, when
multiplied by the radius arm, becomes a torque which attempts to accelerate

- the balanced mass about the point of suspension. The acceleration of the balanced
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Dumping' ,,-.

BN

Spring"

.. 4*

Direction of motion
X"-

Direction of motion .';

Fig. 2-104 Accelerometer with compound pendulum.

Fig. 2-103 Pendulous accelerometer.

Fig. 2-;05 Two simple pendulums fastened together by a collard to
reck;ce crosstalkc and maintain low resonant frequencies.
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mass is resisted by its own inertia, the damping and the spring constant.

Pendulous-type accelerometers are generally chosen because L. .-
they transfer linear force into an angular rotation. A great many devices
have been developed for sensing angular motions or producing torques about
an axis of rotation. In its simplest form, where a spring or torsion wire is -"-

used for restraint and a potentiometer becomes the pickoff, the advantages
and disadvantages are about the same as for the non-pendulous accelerometer .
of Fig. Z-100. However, there is one notable exception: pendulous accelerometer
are subject to cross talk. The slightest rotation of the pendulum due to --
acceleration in the sensitive direction permits the accelerometer to acquire
sensitivity to acceleration in other directions of motion. Therefore, resonant
frequencies of pendulous accelerometers must be kept high in order to reduce
the cross talk as much as possible.

One design technique sometimes used to reduce cross talk
and still maintain low resonant frequencies is shown in Fig. 2-105. Two -' C'$-

simple pendulums are mounted in a single case and are free to rotate in the
ball bearings or other support. The stiff arm of each pendulum passes
through a collar which is free to slide along each arm. Rotation of the arms
is also permitted inside the collar so that the motion of the arms is not
impeded. However, the forces acting between the pendulum prevent the
motion of either pendulum except from acceleration along the sensitive axis.
1-ickoff may be a potentiometer or other transducer esingthe angular
rotation of either pendulum, or the linear displacement of the collar which v-w-
moves in the direction of the sensitive axis.

Manufacturers of high-quality, floated, single-axis gyros have -"

one of the best reasons for developing a pendulous accelerometer. Inside
the gyro case, ready for use, is a floated, damped gimbal with a torque
motor on one end and a signal generator on the other end. The gimbal carries -

the gyro wheel. It is quite expedient to replace the gyro wheel with an unbalanced
mass to produce one of the highest quality pendulous accelerometers. An
an--n •rn•ie - J c nne cted betwfeen the signal generator and torque motor. Cross
talk is minimized by high amplifier gain, causing high resonant frequency.
Output voltage is usually obtained across a resistor in series with tbe torque
motor much the same as shown in Fig, 2-101.

Piezoelectric accelerometers are still another class of instrument
in wide use today. In these devices, the piezoelectric crystal becomes the 4
spring restraint and converts a portion of the mechanical energy into electric db
energy. While having excellent characteristics out to very high resonant
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Fig. 2-106 Accelerometer with mass supported
by two wires in tension.

weight
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Fig. 2-107 Highly accurate pendulous gyro accelerometer including servo.
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frequencies, output under steady-state constant accelerations is unfortunately
not available and the devices have little use in inertial guidance. However, they p
make vibration pickoffs of the highest quanlity with extremely small size and
they are widely used in evaluation during missile-system development.

Another accelerometer configuration is shown in Fig. 2-106 where
a mass is supported by two wires in tension. Damping again is provided by
electrical or mechanical means. As the case is accelerated along its sensitive
axis in the direction of the arrow, the tension in the upper support wire is
increased, while that in the lower wire is decreased. If a strain pickoff is -',

associated with each wire, the sum of the output of the two pickoffs is pro-
portional to acceleration. The device is insensitive to cross-axis acceleration
because the tension of each wire is changed by an equal amount.

In another type of accelerometer, the support wires are made to
vibrate at their natural frequency. As the tension of one wire increases, its
natural frequency increases while the decreased tension in the other wire reduces
the natural frequency. A comparison of the natural frequency of the two wires by
the magnetic pickoff or other means leads to an output proportional to acceleration.

The pendulous gyro accelerometer of Fig. 2-107 represents one
of the more complex (although highly accurate) devices that may be used. It ,
conzists of the conventional single-axis, floated, damped HIG gyro modified so
that the gyro gimbal is unbalanced by a known amount. A servo amplifier
accepts the error from the gyro signal generator and, by means of a servo motor,
drives the gyro about its input axis to null the signal generator output. See
Appendix IV for further details. 3.

2-10 TEMPERATURE MEASUREMENTS

a. Introduction (Ref. 180)

Heat is a form of energy and temperature is a measure of its
level. All materials that we know today have the characteristics whinu C".an_.ge
with temperature. Chemical reaction, motion, pressure, stress, ionization and
light show important effects related to pressure. The methods for measurement
of temperature may be grouped into categories depending on the physical
principles involved. One group would contain devices that function by coming to
thermal equilibrium with the substance whose temperature is being measured.
A second group would function in relation to the laws of radiation, and immersion .-
or contact with measured material may not be necessary. A third group would

180 J. C. Hedge, W. J. 11. Murphy, H-I. J. Nielsen, J. A. Granath,
H. Zucker, Armour Research Foundation, Temperature Measuring Techniques,
WADD TR 60-487, Volume 1, June 1960. AD 253483
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cornprize miscellaneous methods for specific temperature measurement
problems such as high gas temperatures, where deliberately cooled probes are .
used and temperature of gas calculated using laws of heat transfer or thermo-
dynaamics,

b. Thermal Eq-uilibrium Category

The largest and most common category of measurement devices
fall under this group. Some physical property of the probe which is accurately
known as a function of temperature is used to determine the temperature of the
material in which it is immersed, Physical properties used with these devices
are: thermal expansion, vapor pressure, electrical resistance, thermal emf,
thermionic emission, magnetic susceptibility, and thermal noise. Pyrometric ¶

cones and temperature indicating paints, crayons, and metals are also included
in the thermal equilibrium category serving to indicate if a certain temperature
has been exceeded.

When using the methods in this group, care must be exercised to
insure that the probe actually does come to the temperature of the material in
which it is immersed. Thermal conduction can sometimes cause the probe to
assume a different temperature. Radiation losses and stagnation heating also
lead to errorswhen probes are used to measure the temperature of gases. In '2-
many capses these errors cannot be elimiated complctely and a correction
calculated from the laws of heat transfer must be applied to the temperature
indicated by the probe.

(1) The linear expansion of solids due to a temperature change
can be used for a temperature indication and application of this principle in a
temperature sensing unit is thermostatic metal, commonly called bimetal.
Bimetals form the primary element in many devices that indicate and control
ternpe rature.

The action of a bimetal depends upon two metals that arc
bonded together having different mean thermal linear expansions. The bonding
of the two metals has been accomplished by casting, riveting, soldering,
brazing, or welding. The method of bonding is important, since a uniformly
good and strong bond is necessary toresist the high shearing stresses when the
metal is heated and cooled. The component metals are quite often bonded
together in the form of two plates, this is reduced to a thin sheet by rolling.
It is then cut and formed to shape. The bimetallic strip is straight at the
particular temperature where their lengths are identical. When the temperature
is altered one metal will expand or contract at a different rate than the other
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and cause the strip to curl. By holding one end of the strip in a fixed position, 0
thle displacement of the opposite end can•, after calibration, be used to indicate
to rope rature. 0.,1'S

Bimeals re frmedintothe olloing onfiuratons
helical coils, spiral coils, disks and strips. These may be used under conditions
of: free deflection (little force involved), restrained force or torque (little".'-_.
deflection involved), and combined deflection and force...i".

04' :::
The majority of bimetal temperature indicators use the ['"'

spiral or helical coil operating under free deflection conditions. The angular "- '
rotation of a pointer at the end of a spiral or helical coil under free deflection",..
conditions may be calculated by the use of the formula; ..... %

A = Ci (T 2 _ T1) 2 (Z-561 L;"-'

whe re""-..

A = angular deflection in degrees ?
C1 = deflection constant for coils"

T = temperature before deflection _.e•

•Z= temperature after defle ction ... [•,

e = active lengti• 0f coil .. ),
t = thickne ss of strip !,.•

Thus angular deflection changes inversely as the thickness of the material and -.- '
directly with the deflection factor for the strip, the active strip length, and the .•.."'

temperature change. Values of C1 may be found in the manufacturer's catalogs ' -
for a particular material and temperature range. • :,'

The bimetal thermometers are self-contained instruments •]••

requiring no external power. They usually contain three components: the bimetal, ,.
the indicator, and ac~onnplig merhnni si. Sqince they are mechanical devices, ... •,
the pointer can carry contacts, mmi-max hands or can position a small telerrete ring '--'
trans mitt er. ""-'

(2) Liquid Expansion Thermometers . "9)'

The volumetric expansion of liquids and solids can be used :ii•!ll

to indicate temperature. A relatively large quan~tity of liquid is held in a bulb ",.%.- -



There are two principal types of liquid expansion
thermometers. One of tihern is the liquid-in-glass thermometer; the other is

called a liquid filled thermometer. .

The liquid-in-glass thermometer is probably the most

common of all thermometers. It consists of a glass bulb filled with a liquid,

usually mercury, and a glass capillary tube attached to the bulb. Mercury has s - -

several properties which make it desirable lor use in a good grade liquid-in-- "

glass thermometers, It has a large and fairly uniform volumetric coefficient

of expansion, its low freezing point -40 0 C and high boiling point 3560C make

it usable over a wide temperature range. This range can be extended by
increasing the internal pressure which increases the boiling point of mercury.
Other liquids used are toluene, alcohol, and pentaLne; the latter having a
freezing point of -200oC.

The second type of liqaid expan.sioi, thLirnometer consists
of a metal bulb and capilli. ry tube which is usually attached to a bourden tube
or bellows. The system-n is filled with a suitable liquid for the ternperature
range required. As the temperature of the bulb changes, pressure or volume
of the liquid changes and this change is noted by the change in position of the
bourdon tube or bellows. The system can be calibrated to indicate temp~eratur,.

(3) Gas Thermometers

Gas theernoixitry is based on the tact that for ideal gages,
the pressure and volume vary with temperature according to the law:

-J

PV nRT (2-57)

4 where P is the absolute pressure, V is the volume, n is the number of mols
of gas, R is the universal gas constant, and T is the absolute temperature.

, Many gases approach the ideal gas and, for gases such hydrogen, helium,
"* nitrogen, argon, oxygen, and others it is possible to measure the deviations

from ideal gas behavior so that a PVT-equation car, be obtained to an accuracy
of better than 0. 1%. Temperature can be accurately determineld w"t-l eitheI tile
constant volume gas thermotnetex or the constant pressure gas thermometer.

A typical gas thermometer consists of a bull) containing
gas, a pressure measuring device, and a capillary tube connecting the tube.
F'or laboratory use, a simple nercury manometer is used to measure press;ure.

In induutrial u;ses the pressure is usually me: a.stzed withL a bourdon tube gage,.-

although other types of pressure transducers can be used.
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The constant volume gas thermometer is simple, self
contained, inexpensive, rugged, accurate and has a vast response. It is

subject to errors caused by the fact that as the temperature rises, thermal -s-'
expansion and increased pressure slightly increse the bulb volume and, secondly,
increased pressure cause more gas to flow into the capillary and bourdon tube.
The development of gas thermometers for measurement of high temperature

presents difficulties due to the need for rigid, gas type container. At high 1

temperatures, it is difficult to find bulb materials which will confine the gas

without gradual loss by diffusion of gas through the bulb walls.

There are two forms of the constant pressure type gas
thermcmeter. One form consists of a definite mass of gas enclosed in a bulb

of variable volume at constant pressure. The second form, a definit, mass
of gas is enclosed in a bulb of fixed volume. Equipment for use with the

constant pressure gas thermometer is similar to that used with coastant volume
gas thermometer except the change in volume of the gas in the bulb is measured.
The constant gas thermometer is less convenient to use than the constant
volume gas thermometer. For this reason, as well as the fact that it has an
accuracy comparable with the constant volume gas thermometer, it has seldom -

been used.

(4) Vapor-Pressure thermometers make use of the pressure
CXy' atura&c vapLor ±in p.u±iuL±UL wit'- a vo±atic; liuquid. This fact can

be used to measure temperature if the relationship between temperature and

vapor pressure of the material is known. A simple expression for relating

the vapor pressure and temperature of some materials is given by:

l.og TP = A + B/T (2-58)

where A and B are constants. Additional terms in the equation are required

to adequately represent many liquids. It can be seen from the above equation -- ._

that if B is large, then small changes in temperature will cause large variations ""t-

in the vapor pressure.

Vapor-pressure thermometers, like gas thermometers,
are usually connected to a bourdon tube gage or similar type of pressure measuring

instruments. The principal advantage of vapor-pressure thermometers is the

large change in pressure for small temperature changes, which results in high ,

sensitivity. Also, the bulb size can be made much smaller than those required

for gas. thermormeters. The disadvantage of the method is the relatively small "
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temperature range over which any particular liquid can be used, although
various liquids can be used to cover different portions of the temperature --.

range above. Extention of the method to higher temperatures is limited by

the availability of suitable liquids.

(5) Temperature Indicators

Among the temperature indicating types are pyrometric
cones, sometimes called Seger cones. These are slender pyramids of triangular

cross section made from mixtures of clay, felspar, whiting, flint, and fluxes.
When subjected to high temperatures the cones soften the deform, the upper

end of the pyramid curls over to form an arc until finally the tip touches the
mounting surface. When a pyrometric cone is heated at a definite rate it
"goes down", i. e. , its tip touches the base at a definite temperature. If the
heating rate is more rapid, the cone "goes down" at a somewhat higher

týemperature. Hence, the cone does not measure temperature, but rather the

dumulative effect of time, temperature, and atmosphere. Each cone when
heated in air at a prescribed rate will go down at or within a few degrees of a

given temperature. The size of the cone also has a bearing on the deformation

temperature. Small cones have higher deformation temperature than large cones
of the same composition.

AnIother type temperature indicator are bars of ceramic
material (Hold Craft Bars) mounted horizontally and supported at their ends,
and are somewhat similar to pyrometric cones. Bars are supplied with

different softening points. As the temperature is raised, some of the bars
soften and sag under the influence of gravity. The temperature is indicated
by the bar which just begins to sag.

Still another group of ceramic temperature indicators
operate on the principle of progressive shrinkage of certain ceramic formulations
as they are subjected to higher and higher temperatures (Watkins disks and

Buller rings). After removal fromn the furnace, the diam o tc ofaole in te
specimen or the outside diameter, is measured. The shrinkage serves as a
measure of the combined effect of the temperature reached and the duration
of exposure. Additional temperature indicating devices are pellets, liquids,

lacquers, and crayons. They consist of mixtures of minerals havins definite A
melting temperatures ranging from 40 0 C to 1480 0 C. The melting temperatures

correspond to the particular numbers in the series and are indicated by the

advert of a wet or molten appearance. The various temperature sensitive ' 01

indicators aie sprayed, brushed or placed on the part whose temperature is to

be measured. Visual observation during heating will allow a rough temperature
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measurement, or an inspection after beating will allow the determination of

the maximum temperature achieved within the limits of the indicators used.

(6) Resistance Thermometers

The operation of a resistance thermometer is based on the

fact that the electrical resistance of materials varies with temperature. The . 9
resistivity of most metals increases with increased temperature. The resistivity

of electrolytes, semiconductors, and insulators decreases with increased

temperature. The rnain factor causing the rise in resistivity is the increased

inner action of electrons with atoms that are displaced from their positions in

the metal lattice, resulting in a short"mean free path" for the electrons. First

use of the resistance principle is credited to Siemens in 1871. This thermometer

was constructed of platinum wire. However, unfavorable results were obtained

with it due to his choice of material for mounting the platinum wire. Callendar, .. "

in 1887, devised a superior platinum resistance thermometer and is credited with .-

laying the foundation for modern resistance thermometers.

A resistance thermometer system consists of a resistor

mounted on a suitable frame, a resistance measuring instrument, and connecting "

leads between the two. The resistance measuring instrument is usually a

Wheatstone bridge or a potentiometer.

Since the resistance element is usually at a remote location . -

from the measuring instrument, the connecting wires are usually subjected

to various changing temperatures along their length. This results in a variation

in their resistance which must be eliminated if the system is to be accurate.

Three types of connections have been devised to overcome this difficulty. These

are shown in Fig. 2-108.

The Siemens three-lead method of compensation, Fig. 2-108a, ,--.

is shown connected to a Wheatstone bridge in Fig. 2-109. When the Wheatstone

bridge is balanced so that the gSvainolntcir G does ]ý-ct defl•ec•t

then R + C/r 1 = X + T/r 2  (2-59)

The lead wires of the resistance element T and C are made to have equal

resistance. The ratio arms r 1 and rZ are set so that r1 = r - Theni by the

above equation, R = X. Thus the measured resistance is othe re"sistor only,

since the lead resistance is eliminated.
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Fig. 2-108 Three Types of Connections Used
in Resistance Thermometers
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Fig. 2-109 Siernen's 3 Wire Lead Compensation Fig. 2-110 Cal lendar's Lead Compensation
M~ethod with Wheattstone Bridge Method with Wheatsitone Bridge
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The Callendar method, Fig. 2-110, makes use of a pair of

dummy leads, Ct in Fig. Z-108b, that are connected in the measuring arm R of

a Wheatstone bridge. The dummy leads Ct are made equal in resistance as the

leads cT from the resistance element. The leads c and T and resistance element
X are connected in the adjacent arm.

Then we have R + C + t X + T + c (2-60)
rl r .. J2.

If r 1 is made eaqal to r 2 , then R must equal X, thus eliminating the lead resistance

from the me asurement.

In the four wire method, Fig. 2-108c, two leads CT arc

current leads, and the other two leads ct are potential leads. These are connected

to a Wheatstone bridge as shown in Fig. 2-111, The resistance Ra and Rb aire

adjusted to balance the bridge in Fig. 2.-11a. and 2-111b. respectively. Then, -

the equation for Fig. Z-Illa is,

R a + C' X + T • ±.Z
____- ,(2- 61) i s.i.•
rl r 

:i''

and for Fig. 2-l11b.

Rb I T X+C

The ratio arms r- and r 2 are again made equal. Adding the above two equations
we have

X R + Rbi/ (2-63)

The change in connections from 2-1.la. to Z-1lb. are made witP' A comnu.tator,

Fin the potentiometer method, the resistance thermometer X, L
Fig. 2-l12, is connected in series with a standard or known resistance P, and a

battery B. Precise mea9,lrements of the potential drops E anrid F across the

two resistors R ano X are made. Since the same current is rnaintained through

two resistors, the unknown resistance can be casily determi.xed by '"

X t L' RIE (Z-64)
X r

Further details on the use of bridge circuitry techniques in temperature

measurements is presented in Appendix YV.
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Fig. 2-ill Four Terminal Lead Compensation Method with Wheatstone Bridge
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Figq. 2-i112 [Potentiometer Method of Meusuring Resistance
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The potentiometer method is very useful when the resistance

varies over a wide temperature range. The precision of measurement is kept

nearly constant over a wide temperature range. This method is capable of as

high a sensitivity as the bridge methods; however, it is generally not as convenient -"-

to use. Another difficulty is the problem of eliminating stray emfs. which cause

errors in measurement.

The resistance thermometer has several advantages over

other types of temperature measuring devices. Its excellent accuracy makes

it especially valuable in measuring small temperature differences although

it is also suitable for measuring large temperature differences and high

temperatures. Well-designed resistance thermometers have excellent stability.

Unlike thermocouples, they do not need a reference junction. In general, this-
is usually the reason resistance thermometers are used instead of thermocouple

in some industrial applications.

Disadvantages of resistance thermometers include relatively
large volume compared to thermocouples which results in an average temperature

over the length of the resistor rather than a point temperature, and the need

for auxiliary apparatus and power supplies. The resistance element is usually
considerably more expensive than a thermocouple. The electrical current

through the resistor must be kept as small as possible in order to minimize error
due to self-heating of the rcsistor. (t A current o, less than 10 ma ib desirable

to prevent sizable errors from self-heating). These errors may be considerable

when the resistance thermometer is used to measure temperature in slow
moving gas streams.

(7) Thermocouples

The principle operation of a thermocouple is based on the

discovery by Thomas SeeBeck, in 1821, that an electric current flows in a

closed circuit of two dissimilar metals when their junctions are at different
are at different temperatures. Thus, by measuring the emf developed and knowing

the variation of emf with temperature, a thermocouple may be used to measure

temperature.

Three fundamental laws governing the operation of thermo-

couples have been formulated. These are:

(a.) The law of the homogeneous circuit.
An electric current cannot be sustained in a circuit of L

a single homogeneous metal however varying in section, by the application of
heat alone.
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(b.) The law of intermed..iate etals. e
The algebraic sui-, of the thermoelectromnotive forces

in a circuit composed of any number of disjsinilar metals is zero, if all of the

circuit is at uniform temperature.

(c.) The law of successive or intermediate temperatures.
The thermal emf developed by any thermocouple of ,

homogeneous metals with its junctions at any two temperatures T1 and T

is the algebraic sum of the emf of the thermocouple with one junction at and
the other at T a and the emf of the same thermocouple with its junctions at T and . . .
T3"

A. simple thermocouple circuit is shown in Fig. 2-113. It

consists of two dissimilar metals connected together at each end and an instrument
for measuring the electromotive force (emf) developed when the junctions are
maintained at different temperatures. If the instrument is kept at a uniform
temperature, then all junctions in the instrument will be at the same

temperature so that the emf developed will not be affected by the introduction
of the instrument into the circuit. The reference junction of the thermocouple -

is usually maintained at a constant temperature, normally 0°C. The thermo-
couple is then calibrated to determine emf output as a function of temperature.

c•h.isCC is known, hcn t"he c. can be -ue to Yn-eabu-e tei dur.L-•e.

Two methods of measurement of the emf generated by an
thermocouple are direct and null methods. The direct method employs a high
resistance meter to measure the emf and the null method depends on balancing

one voltage against another in parallel with it. The direct method is inherently
less accurate than the null method using the null method or potentiometric
Method. There is practically no current flow in thermocouple circuit when the -

potentiometer or is balanced. Therefore, variations in the thermocouple wire
resistance are not as important. Also the galvanometer in the null method is
used only to indicate zero current flow, while the meter in the direct method

must accurately measure voltage and it, accuracy depends on the inherent meter

accuracy.

A special arrangement of thermocouples, called a thermopile,
consists of two or more thermocouples in series. They are principally used to

detect small amounts of radiant energy and are used as detectors in many radiation

pyrometers. In this application a lens concentrates the radiant energy on the hot
junctions through an aperature that shields the cold junction.

WADD TR 61- 67 213

VOL I REV I

~ -M V .r --C.. .



,%4CtILI A etal1

In triIin for

measu ine ri-i

Tk

.00



Thermocouples, in general, have advantages for use in
temperature measurements such as: very stable, small size, an electric signal
output, operation over a wide temperature range, flexibility as to mounting, case -"

of application, and low material cost. The principal disadvantages in the use
of thermocouples are the need for cold junction compensation and the relatively
small dc electrical output. Other disadvantages are the need for electrical
measuring apparatus, calibration curves are based on empirical measurements 5s
although the curves are repeatable to tolerance accuracies, gradual change in
readings due to alloys changing composition, and the need for potentiometer
readings when good accuracy is required.

(8) Semiconductors

The theory of semiconductors rests upon the concept of
energy bands in solid state materials. A brief discussion of the origin and
significance of these energy bands are included in Appendix IV and further
reference maybe found in the Handbook of Semiconductor Electronics, (Ref. 18i). -

An increase in temperature increases the conductivity of
a semiconductor and vice versa. Semiconductors are therefore said to possess
positive temperature coefficients of conductivity or conversely, negative
temperature coefficient of resistivity.s-

Most semiconductor temperature measuring devices
fall under the thermistor type and a discussion of these will follow shortly.
However, a low temperature thermometer has been developed utilizing arsenic
doped germanium, a material quite dissimilar to those used in ordinary thermistors.
See reference 182 for a complete report and Section III of this handbook for
application and description.

The semiconductor temperature measuring devices offer
advantages of extremely small size and the relativelv simple apparatus it -,-

requires for operation. The only significant dis -. -. tag-- appai-enl at this time
is that its response cannot be given by a simple equation, making calibration
curves a necessity.

181 L. P. Hunter, Handbook of Semiconductor Electronics, McGraw-Hill
Book Company, Inc.

182 Kunzler, J. E. ,T. H. Geballe and G. W. Hull, 'Ge-rmanium Resistance
Thermometers Suitable For Low Temperature Calorimetry", Review of
Scientific Insturments , Vol. 28 n 2, Feb. 1957.
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Proposed work on this type thermometer includes a study
of its stability upon cycling from room temperature to liquid helium temperature,
a determination of its upper temperature limit, types with higher resistance
ranges and a study of functional characteristics at lower temperature.

(9) Thermistors (Ref. 183 and 184)

Thermistor is a name given to thermally sensitie resistors *

made from sintered mixtures of metallic oxides such as TiO2 , MgO, NiO, Fe 3 0 4 ,
etc. The energy band theory used to describe the conduction mechanism in
semiconductors does not apply to thermistor materials. Theory indicates that
in their pure state they should be metallic conductors because of their unfilled
valence band. Actually they have the properties of insulators.

In their mixture form, these elements have thermal pro- -

perties similar to semiconductors since for limited ranges, their resistance ' .
is given by the following equation:

R = A eB/T (2-65)

where

R = resistance B = nearly a constant for a given material
A = constant T = abusuLe ttlliperLtuu-

Compare this to the semiconductor equation for resistivity:

e =A' eB'/T (2-66)

where

e resistivity

A' = constant
B' = E/!k

Figure Z-114 shows a typical thermistor specific resistance
variation with temperature.

183 Same as Reference 180

184- Sapoff, Meyer, "The Thermistor--A Specialized Semiconductor Sensor",

Military Systems Design, July/August 1961 "" '
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There are many ways in which thermistorr- are used to
measure temperature. All systems, of course, utilize the therimistor's
property of varying resistance with temperature. One straightforward and very
sensitive method employs a thermistor in a simnple Wheatstone bridge. The
resistance measurements are correlated to temperature by means of calibration
curves which, because of a thermistor's non-linearity, should be made for
each thermometer. This method is quite accurate (0. 001"C), but because of
its need for a calibration curve, it maybe less convenient than other methods.
Using suitable shunting resistors, to compensate for differences in thermistors
resistance-temperature characteristics, one may construct a bridge circuit"
temperature measuring device corresponding to a single calibration curve. See
Section III on Applications for detailed discussion of thermistor compensation
to arrive at desired resistance verses temperature characteristics.

Still another method eliminates the need for separate
calibration curves. Connecting a thermistor in series with a fixed resistor results
in an inflexion point in the curve relating current temperature. If a Wheatstone "
bridge with an arm consisting of an arm and a series resistor is balanced at
this point of inflexion, bridge output will be linear with respect to slight variation
in temperature. The accuracy of this method is somewhat better than the previous
one (0. 04 0 C); however, the temperature range is substantially reduced.

Thermistors possess many advantages over other temperature
measuring devices, the foremost being their extremely high temperature
sensitivity. It is about ten times higher than metallic resistance thermometers,
and it enables thermistors to be used in comparatively simple measuring C.:

circuits. Another advantage that thermistors offer is that they can be manufactured
in any size and shape. The three most common shapes are rods, discs, and
beads. The bead shape has been made in sizes as small as 0. 010 cm in
diameter. If fast response times are desired, flake thermistors can be made
with thermal relaxation times in the order of a few milliseconds.

Thermistors can also be used for remote indication, since -
their resistances at normal operating temperatures are high enough to mNake lead1,,[1U
resistances appear negligible. Their stability at normal temperatures is
also good for they hold their original calibration for long periods of time.

The chief disadvattage appears to be their non-linearity, . -

but many systems have been devised to compensate for this. The low temper,+ure ..- -
limit of the thermistor comes about by the insensitivity that occurs in the
measuring system when the thermistor's resistance becomes too large- The
upper temperature limit is set by an instability that results when thermistors
are subjected to sufficiently high temperatures.
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"Materials of ceramic composition belonging to the alkali-
aluminum-silicate family, exhibit resistivity characteristics similar to those
of thermistors, even to the similarity in equations, but their most valuable
fer•ture is that they can be used at temperatures as high as 1500 0 C and possibly
higher. Further study and development of these materials is needed to

control in their manufacture, the many sensitive variables such as composition,
impurity concentration, time of firing, and temperature of firing of the ceramic.

(101 Sensitors

Sensitor is the trade name given by Texas Instrument Inc.
"to a semiconductor product which exhibits a positive temperature coefficient
of resistance. They achieve this by introducing carefully controlled amounts

of Boron impurities into Silicon semiconductors. At temperatures below
-150 C, the Sensitor has a negative temperature coefficient much the same as

-,' other positive and the element acts as a highly sensitive metallic resistance

the rmorr. ete r.

"Sensitors are used in almost exactly the same circuits and
applications as thetmistors, The advantage of Sensitors over thermistors is

that they can be easily manufactured to close tolerances. Further comparisons
"9., between Sensitors and thermistors indicate a slightly better linearity in the

former, but a slightly higher sensitivity in the latter. The lower temperatur'e

limi is-150GLde to thec tem~iperature coefficient chanigro positive to
negative at this point, Instability determines the upper limit at 200 0 C.

(11) Thermnnonic Emission

Electrons in the valence band are free to travel throughout

a material, but at the boundaries of the conductor, the potential energy barrier
rises to a value large enough to prevent electron emission from its surface.

By heating, however, it is possible to raise the energy of an electron to a
value sufficient ot overcome the barrier. The difference between the energy
required to overcome the barrier and tint Forrn; n-,rgy level is called the wo rk
function of the metal. It is possible to develop expressions for the number
of electrons that a rive per unit time at a unit surface. See Appendix of this

-report for a detailed discussioa of these expressions and relations. With

"further derivation one may arrive at an equation relating the emission current

density with temperature.
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A fundamental circuit of a vacuum diode is shown in Fig. 2-115.

No beater is shown since all the heat is supplied by the object whose temperature . "
is being measured. The voltage supply is necessary to direct the electron flow 'C'-

from the cathode to the anode, and the current reading on the ammeter is a .... ,

measure of the cathode temperature. ' -

The advantages to be found in thermionic emission thermometry

include high temperature measuring capabilities, linear operation, and simple

operational circuitry. A major disadvantage is the fact that the characteristics

of a diode change after it is used for a sufficiently long time. This would tend

to affect the accuracy of the device. Also affecting the accuracy would be tile photo-

emission aand field emission effects of a low work function cathode.

The area of thermionic emission thermometers have many

problems that must be solved before they can be considered practical. One of

these problems is the development of cathode materials that are suitable for

various temperature ranges. Along with this, the materials must have extremely

long life expectancies to prevent the inaccuracies that result from cathode

evaporation. Another problem is the development of convenient and compact

enclosures which allow for anode cooling.

(12) Magnetic Techniques I
fhý--re are three distinct forms of magnetism: ferromagnetism,

paramagnetism, and diamagnetism. Externally they can be distinguished by the

value of magnetic suscFeptibility in a material. A. ferromagnetic substance has

a susceptibility that is not constant but is often very large. This differs from a

paramagnetic material which has a very small, positive susceptibility, and a

diamagnetic material which has a very small negative susceptibility. The
susceptibility of diamagnetic materials has been found to be almost independent

and will not be discussed inconnection with temperatu-re sensing. A represe.ntative

paramagnetic temperature measuring system may consist of a orje-inch sphere

of paramagnetic salt, chromic methylammonium alum; a mutual inductance

bridge; a low frequency signal generator; a galvanLometer; and an amplifier. The A

schematic diagram is pictured in Fig. 2-116. The salt, represented in the figure

by S, is used as the core of a mutual inductance M 1 , which is put in parallel

with a variable mutual inductance M . They are both fed by a low frequency --
2

(200 cps) signal generator, If the mutual impedance of M do not equal of 1 ,

a signal will appear across the amplifier where it will be amplified and sent to a

vibration galvanometer to indicate a deflection. Variations in temperature will

vary the mutual inductance M 1 because of the variation in magnt-tic susccptibility
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Figq. 2-115 Simple Diode Temperature Measuring Circuit
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of the pararnagnetic core. After adjusting the variable mutual inductance M.i,

ans the variali-e re'istox R (to accoaunt for phase shift in M1 ) until the galvantometcr

nulls, a reading can be taken o. lh-i anid interpreted in terms of temperature
by means of cal-.ration curves.

The nuk-ncipa2 advantage of this systemn is its extreme

accuracy anld :,ensitivity at very low; temperatures. While it is true that resistance

thermometers can be used a.t ,-quiv-a.lent ten-,peratures, they do not posses the

linearity of the paraxagnetic alt.

The vý-ry inar'row tenmperature range may be the most important

disadvantage of this system end it is a. minor one. The upper limnit of the

temperature range would have to be set by the loss of magnetism and its consequent

adverse effect upon the sensitivity of the system. The lower temperature will

theoretically be set by the Curie Poinl., although physicists (Ref. 185) believe that

it will probably be determined by the crystalline field splitting of the ground
state spin quadruplet.

Ferromagnetic techniques concern the u.3se of ferromagnetic

substances such as iron, cobalt, and nickel. The graph in Figure 2-117 shows

that the relative mnagn.etization of a ferromagnetic mnaterial decreases as the

temperature is increased, and eventually approach-es zero at the Curie temperature. ,..

This agrees very well with experi.mentaal 'vj.,lc,.,:, - ..thohiug it ha.-s been found that

a ferromagnetic material does not lose ali its mnagnetisro but becomes paramagnetj c

at, and -bove the Curie Temperature. The invers7e relationship of magnetization

to temperature ..s an. indication that thermal vibratioi. of the molecules oppose

their alignment of their magnetic moment. A. simpla temperature mneasuring

system, Fig. 2-118, employing ferromagnetic te,.hrdqum consis"s of two coils

wound on a ferromagnetic core. A lo•w fr (quency ,ignal is supplied to one of the

coils which ix turn induces a voltage acr,.ess the other. The induced voltage is

directly related to the magnetic susceptibility of the ferrom: netic core, which is

inversely proportional to the temperature of rh- core. Here there is an inverse

relationship between the inrduced voltage and the temperature. The voltage is

taken off the second coil by a voltmeter and is translated to temperature by a

calibration cirve.

185 Davis, T, P., TrThe Carbon Arc Image Furnace", Proceedings of

3S-mposium on High Temperature, A Tool 1or The Future, 1956, f3erkelcy, Calif.
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The primary adv, antages of this technique are its usefulness

at moderately high temperatures and its simplicity of construction. F'rom the..
relative magnetization versius temperature curve it can be seen that a ferromagnetic
material has a very large temperature sensitivity near the Curie point, but the
sensitivity decreases rapidly as the temperature is lowered. It hlas been estimated
(Ref. 186) that the useful temperature range is limited at the lower end by
temperature of approximately 5000 below the Curie point. This lower limit is

set by sensivitity considerations and the upper limit is of course set by the Curie '- 0
point. The Curie temperatures of iron, nickel, and cobalt are 770°C, 350 0 C,
and 11200C respectively. To adjust the Curie pcints and hence the useful

temperature range of these materials, various alloys are used. With such
alloys, Curie points as low as 60 0 C are common. The low temperature" usefulness
of ferromagnetic materials and alloys is curtailed at temperatures lower than
-750C because of their irreversibility.

(13) Thermal Noise Thermometer

Thermal noise is a fluctuating voltage or current of

random amplitude and phase. Such fluctuations are associated with any resistive
element which is at an absolute temperature T. The thermal noise in resistors
is generated by the random motion of conduction electrons which result from
their collisions with the crystal lattice. The random motion of the electrons
corresponds to random electrical current or voltage and hence to a noise
source. The mean square value of thermal noise current, or voltage output
from a resistor in thermal equilibrium at a temperature T, has been derived W. -'9..

by Nyquist (Ref. 187). The mean square noise voltage is proportional to the

absolute temperature and this noise voltage can be measured ve--y accurately.
Experimental measurements of noise output from resistors have been performed
by J. B. Johnson (Ref. 188) in the tenmperature range from -180 C to 100 C.

186 Jackson, L. R. and H. W. Russel, "Temperature Seinsitive M14agnetic
A1nloy -,•.d Their iTses t , Instrumi.ent F,; Vol. ii _ -1 Novemnber 1938

187 Nyquist, ih. , "Thermal Agitation of Electric Charge In Conductors",

Physical Review, Vol. 32, July 1928

188 Johnson, J. B., "Thermal Agitation of Electricity In Conductors",

Phyical Review, Vol. 32, July 1928

WADD TR 61-67 Z24

VOL I REV 1

. . . . . .. ..

- - - - - - - - - - - -- -. ~ .P ' .. A..~-. A ..--.. . . . . ..



Recently at Armour Research Foundation the linearity of the noise output of a
resistor as a function of temperature was measured up to 1300 0 C (Ref. 189).

All the experimental measurements confirmed Nyquist's relation within the

experimental error. A noise thermometer for high temperature and high .
pressure have been designed by Garrison and Lawson (Ref. 190). The accuracy
of the noise thermometer has been reported as 0. 1 percent up to 1000 0 C. A
similar noise thermometer (Ref. 191) has been investigated by the National

Bureau of Standards to determine its applicability for measurements in the 700CC

to 1200°C temperature range with three place accuracy. Recently a low tempera-
ture noise thermometer (Ref. 192.) has been designed to measure temperatures as
low as the boiling point of liquid helium. At that point a deviation on only

8 percent from the accepted value has been reported.

The noise thermometcr has possibilities as an absolute
(requiring no calibration) temperature measuring device. Very high accuracies
have been obtained. Limitations of the accuracy and hence the usefulness as f

an absolute temperature standard is primarily dependent on the accuracy of

the noise thermometer is determined by the temperature stability of currently
resistive materials.

c. Thermal Radiation Method
.4

(1) Radiation Detectors $E1
Electrons can bc excited to higher energy levels by iight as

well as heat, For photoemission to occur, the photons falling on a conductor
must impart to the free electrons of that material enough energy to overcome

the potential barrier at its surface. The minimum energy of the photon must
therefore be the work function of the material. By lowering the work function,

the frequency needed for photoemission is also lowered, and if the work function
is lowered sufficiently, a electron emission will take place for frequencies in

189 Zucker, H., et al., Design and Development of a Standard White Noise

c tor an ose nuzdcatiiig Instrument", !RE Trans. On instrumentation,
Vol. 1-7, Dec., 1958

190 Garrison, J. B. and A. W. Lawson, "An Absolute Noise Thermometer

For High Temperatures", Review of Scientific Instruments, Vol. 20, 1949

191 "High Temperature Thermodynamics Technical Re.port II" NBS Report 4

3431, NBS Project 0301-20-2674, July 1954

i 192 Patrone's, E. T. , et al. , "Low Temperature Thermal Noise Thermometer",

Review of Scientific Instzrmcnts, Vol. 30, July 1959
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the infrared region, thereby enabling the device to be used as a radiation detector.
The only difference between photoemissive cathode does not have to be brought
to the temperature of the test object. A photo tube circuit is very similar to
that of a thermonic diode circuit. Because of the extremely low currents (micro
amps) that result in photoemission, it is easier to measure the voltage drop
across a large resistor than to try to measure the current. Large currents can - -;
be obtained by the use of photomultiplier tubes, which are simply carefully

designed phototubes employing the principle of secondary emission.

The fact that phototubes do not have to be in thermal equilibrium
with the test object makes them ideal for the measurement of high temperatures,

They are used in optical pyrometers and in radiation pyrometers. However,
somewhat limited by the fact that their spectral response does not extend very far
into the infrared region. Their fast response time also increases their usefulness
in temperature measurement. Disadvantages of optical pyrometers include the
precautions that must be taken in clearing obstructions such as smoke, fumes, ,,-
etc. from the radiation path, keeping lens free from dirt and grease, and the --

relatively high cost of the optical systems. The lower temperature limit of
visible light (about 760°C) sets the lower limit upon optical pyrometer systems
using phototubes. Their highest temperature is limited by the emission saturation.
of the tube. The temperature extremes of a phototube radiation pyrometer would
have to be set by the spectral response of the tube.

Lightphotons Qf s" fII .. .. . . -ut
C. o I C.•. 61= gy, upon. St .L-d -- a S,JU ---I-

conducting material, are able to excite electrons across the forbidden energy

gap, therby increasing the conductivity of the material. Semiconductors with
small gaps car be used for frequencies in the infrared region and are therefore-
useful in radiation pyrometers. A photoconductive cell acts somewhat as a
remote action thermistor, and seemingly can be used in the same types of
circuits as thermistors (bridge circu;Ls, series circuits, etc.). Lead sulfide is
a material1 which Exlhnbi -s photoconductive properties at radiation frequencies
as low as 500 cycles per second. The advantages of a lead sulfide photocell are
its extremely small size, rugged.aess, and infrared sensitivity. Temperature .
limitations upon a photoconductive cell are dependent upon its spectral response.
A third type radiation detector is the photovoltaic cell, It operates on a principle
sinillar to that of contact poLcntial in metals. A N-type semiconductor with a
Fermi Level soafl!-vbat higher than chat of a metallic conductor is placed in
contact with the iete~l2 conducto:., Electrons flow from the semiconductor to the

* n),ýtai ilntt' the two Eerrji Tevsl"ý are equal, making the semiconductor and
metal a sir. te thermodynam.nic systen. k- doing so, a poternrtial barrier is formed
at the junction of tkh-.s metal and the semiconductor, which halts further flow of __--_

el.ctro:s between the tV-wo. UJpon illumination, the light photons excite electrons ..--
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across the energy gap, thereby greatly increasing the electron and hole conccntra-
tion in the semiconductor, and also upsetting the thermodynamic equilibrium of
the system, Since these excited electrons are unable to flow across the junction '-

barrier and neutralize the effect of the illumination, thermodynamic equilibrium
is again achieved by a rise occuring in the semiconductor's energy levels. The
rise continues until the free electron and hole concentrations in the semiconductor
equal those at the same energy levels in the metal. A voltmeter across the metal .0
and the semiconductor will indicate a voltage drop equivalent to the difference
in Fermi Levels of the two. The maximum voltage drop is practically realized
to be the voltage equivalent of one half the forbidden energy gap in the semi-
conductor. As was the case in the other photoelectric devices, photovoltaic cells ""
have a radiation frequency dependence. [

(2) Line Reversal Pyrometer ."½.

The line reversal pyrometer is a device for the measurement
of gas temperatures above 1000 0 K. In principle it is somewhat similar to the -

optical pyrometer in that it compares the radiation from a gas with that from a
calibrated reference source. Unlike a solid, a gas emits or absorbs radiant
energy at only certain descrete wavelengths. When a black body is viewed
through a gas and the gas is at a higher temperature than the black body, the gas
will appear bright against the background of the black body at the wavelengths
that the gas emits energy. If the gas is at a lower temperature than the black -
body, the gas will appear dark against the background of the black body at the
wavelengths the gas absorbs. By adjusting the temperature of the black body
until no difference in brightness exists between the gas and the black body, the
gas temperature is equal to that of the black body, and the gas temperature may
then be determined by measuring the black body temperature. The determination
cf the point of equal brightness is most conveniently made by using a spectroscope.
Radiation from a black body appears as a continuous spectrum and the radiation
emitted or absorbed by the gas apprears as bright or dark lines. At the points
of equal brightness, the lines disappear against the background of the continuous
radiation.

The upper temperature which may be measured by the line-
reversal method is limited by the calibration radiator. Tungsten ribbon lamps
cannot be used beyond 3000'K. Improvement in this respect depends on the
development of radiator sources to work at higher temperatures. Another
improvement would be to eliminate the need for manual adjustment required for
matching the gas and lamp brightnesses. (Ref. 193)

193 Buchele, D., A Self-Balancing Line-Reversal Pyrometer, NACA TN 3656,
August 1956
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(3) Optical Pyrometers

An optical pyrometer is a device in which the temperature of
an object is determined by comparing the visible radiation from the object with
that from a calibrated reference source. The commonly used optical pyrometers
consist of an optical system which forms an image of the object viewed in the
instrument. A lamp is used as a reference source and is positional so that the
lamp filament is in the focal plane of the image. The lamp filament and the object
whose temperature is to be measured can be seen simultaneously through the
eyepiece of the optical pyrometer. The temperature of the object is measured by
adjusting either the brightness of the lamp filament or the image of the object
viewed until they coincide. At the point of equal brightness the lamp filament
disappears against the background of the object viewed. '.

Two types of disappearing filament pyrometers are marketed.
In the type made by the Leeds and Northrup Company, a slide wire resistor is
used to adjust the filament current in the lamp to make the brightness match.
A potentiometer in the instrument is calibrated to give the temperature of the
object when the potentiometer is balanced against the slide wire resistor. In the
optical pyrometer made by the Pyrometer InLstrument Company, the brightness of
the image of the object whose temperature is being measured is adjasted by
rotating a wedge shaped absorbing screen placed between the lamp filament and
the object. The absorbing screen is calibrated to give the temperature of the
obiect when the brightness match is made.

With either optical pyrometer, at the point of equal brightness,
the color of the filament is not necessarily the same as that of the object viewed.
Since this would make precise matching of the reference source and object brightness *' N
Sdifficult, most of the better instruments include a monochromatic filter. With
this arrangement the brightness match is made in a narrow bank of wavelengths
which is usually located in the red end of the visible spectrum.

The most important advantage of the optical pyrometer is
that it can be used to measure the temperature of a material without being in contact , .
with it. The disadvantage of the optical pyrometer is that the emissivity of the

object can be obtained, and that the instrument does not measure temperature
automatically, but requires a manual adjustment. Use of photo tubes for automatic
balancing are under development. (Ref. 194)

194 Blum, N. A., "Recording Optical Pyrometer", Review of Scientific
Instruments, Vol. 30 n 4, April 1959 LIE
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(4) Total Radiation Pyrometers

A total radiation pyrometer consists essentially of a sensing
element for detecting tttal radiation energy and usually a mirror or lens for
focusing the radiation on the sensing element. The sensing element can be anything

that gives a consistent signal from the radiation received. Thermocouples and

thermopiles are most often employed, but in some cases thermistors, bolometcrs,

and spiral wound bimetallic strips have been used. These sensing elements

produce a signal by undergoing a temperature change frome the radiant energy .'

received. Since some time lapse is required for the temperature change to occur,

the signal from these devices lags behind the radiation received. By making the

mass of the sensing element as small as possible with respect to the surface area

of the element, the response time has been made as small as possible with respect

to the surface area of the element, the response time has been made as small as

0.4 seconds. A

The temperature range over which the pyrometer can be used

does not seem to have any theoretically limit. Commercial instruments are

available which taken together, can be used from ambient to 4100 0 K. They indicate

temperature remotely and therefore do not require physical contact with the

material whose temperature is being measured. Another advantage is that they

do not require manual adjustments, as optical pyrometers do, but give temperature

readings directly. A disadvantage of a radiation pyrometer is that the emissivity
of the object whose temperature is being measured must be known if the object is

not a black body.

(5) Two- Color Pyrometer

The two-color pyrometer does not respond to the intensity

of radiation received by the instrument, but instead is calibrated to indicate a

temperature in terms of the ratio of radiant intensity at two different wavelength

bands. As a result this instrument has a smaller dependence on emissivity than

the optical pyrometer. The two-color pyrometer is also suitable for automatic -
process control because it does not require manual adjustmnent.

A t-rn- color, pyrom eter usuallyr consists of tw~o filter.. which

transmit in the red and blue portions of the visible spectrum. In the pyrometer

made by the Shaw Instrument Company, the filters are mounted on a rotating disk.

A photocell placed behind the disk delivers a fluctuating output due to the

difference in radiant intensity transmitted by the two filters. Feed back in the

electrical ciicuitry causes the average amplitude of the amplified signal to be

constant. The fluctuation of the amplitude is then a function of only the ratio of

the radiation received at the two wavelengths. The amplified fluctuation of the
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signal is then fed to a meter which is calibrated to give the temperature of the
object. The Shaw Instrument can be used to measure temperatures in the range
from 7600 to 3600 0 C.

(6) Microwave Radiometer

The microwave radiometer is based on an extension of Nyquist's
theorem of thermal noise in resistors which also include the resistance of an
antenna. The radiation impedance of an antenna is a function of its surroundings. - -

"For instance, if an antenna is surrounded by a perfect conductor, its impedance is
zero since no power can be transmitted. If an antenna is surrounded by a perfect
absorber its radiation impedance is equal to that which can be calculated for the

,* case of the antenna in free space. If the surrounding of the antenna is at a
Z; nonuniform temperature, the radiometer will measure an effective temnprature .-. -

which will. also be function of the antenna gain. The effective tempe rature is

obtained frot i the power delivered by the antenna when connected to a matched load.

A block diagram of a microwave radiometer is shown in
Fig. 2-1i9. The device is known as Dick's Radiometer (Ref. 195). The radiomreter
is a comparison instrument which compares the noise received by the antenna
with the noise produced by the rotating absorbing wheel which acts as a resistive
termination for the waveguide. The absorbing wheel is driven by a mnotor at a
30 cps rate., and is so shaped that it produces a signal with nearly square wave
modulation. The square wave is symmetrical such that the waveguide is terminated
half of the time by the resistance of the absorbing wheel kept at room temperature,
and half of the time by the antenna resistance, If the noise received by the
antenna is of the same magnitude as the noise of the absorbing wheel, no 30 cps
noise modulated signal is fed into the receiver. The advantage of the method is
that it is possible to discriminate between tl.e noise generated by the receiver
which is not modulated. With a 13 db noise figure of the receiver and a time
constant at the output of the second mixer of 215 seconds, the accuracy of the
temperature measurements has been with 0. 40 K. Greater accuracies have
been obtained with a radiometer at 8000 mc using traveling wave tube amplifiers
(Ref. 196). The applications of radiometer have been primarily in 1 adio astronomy
to determine the temperature of various planets. A microwave radiometer could,
in principle, be used to measure temperature of small objects which are in thermal
'"LjttJLL•±±'1i. ±JJ advantage Li ±-- te i Iaul ixinete± W .iould e tlat iL does nui require

direct contact with the object, and therefore could measure very high temperatures.
However, the beam width of the antenna would have to be very small and hen'e
would require very short microwave wavelength and complex instrumentation.

195 Dicke, R. H., "The Measurements of Thermal Radiation at Microwave

Frequencies", Review of Scientific Instruments, Vol. 17, July 1946.

* 196 Drake, F. D. and H. I. Even, "A Broad-Band Microwave Source
Comparison Radiometer For Advanced Research in Radio Astronomy", Proc. of
IRE, Vol. 46, January 1958.
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WADD TR 61-67 231
VOLI REVI



(d) Miscellaneous Methods

In this section a few miscellaneous methcds for temperature
measurements will be discussed.

Cooled probes are devices for measuring the temperature of gases.
The purpose of cooling the probe is to overcome the temperature limits of uncooled
probes such as thermocouples and resistance thermometers. The maximum

temperature that can be measured by an uncooled probe is determined by the ,r -
material of which the probe is made. Cooled probes, however, do not come to the
temperature of the gas, and can therefore be immersed in a gas at a temperature
that would destroy an uncooled probe. Two types of cooled probes are the cooled
gas and pneumatic pyrometers. A cooled gas pyrometer is describes in Ref. 197 . ----

and a sketch shown in Fig. 2-120. This device consists of a water cooled tube
through which the gas whose temperature is being measured is aspirated. A
thermocouple is placed near the outlet end of the tube where the gas has been
cooled well below its inlet temperature. The temperature of the entering gas is

calculated from the temperature of the gas at the thermocouple. A knowledge of
the variation with temperature of the thermal properties of the gas (thermal
conductivity, specific heat and density) is required up to the temperature to be

measured. A cooled gas pyrometer cannot be used in gases where a chemical
reaction is in progress. If combustion has taken place it must be complete where
the probe is inserted or the combustion may continue in the probe and, by the heat irpl-Pnqpd srn1; ;ii qp fli. i nriirn-tpc teninerahilre. to be in error. The measurement of
gas temperatures in excess of 22000C may be possible if the thermal properties
of the gas are known up to the temperature of the gas. Above 30000C, however,
the gas may begin to dissociate. A dissociated gas would start to recombine in
the cooled tube and release heat. This would cause the indicated temperature to

be in error.

Pneumatic probes are used to measure gas temperatures. They L

consist of two flow constrictions connected in series and separated by some device
for reducing the temperature of the gas before reaching the second constriction.

The flow constrictions are either nozzles or orifices, and the gas is drawn
through them by a vacuum pump. Subsonic flow of a gas through any constriction
is determined by the total temperature, total pressure, and static pressure of the
gas at the constriction. After the gas passes through the first constriction, it is .. •.-.

cooled from its inlet temperature down to a value at which it can be measured
by a thermocouple at tLe second flow constriction. By measuring the total
temperature, static and total pressures at the second constriction, the mass flow --

197 Krause, L. N., R. G. Johnson and G. E. Glawe, A Cooled Gas Pyrometer

For Use In High Temperature Gas Streams, NACA TN 4383
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of the gas can be determined. The principle involved in the operation of pneumatic
and sonic flow probes is that since the flow constrictions are connected in, ýeres

the mass flow is the same in each unless the gas is cooled to such an extent

that condensation occurs. However, if condensation is avoided once the mass
flow is determined, all that is required to compute the temperature of the entering
gas is the measurement of the total and static pressures at the first constriction. ,
The temperature may then be determined.

Pneumatic pyrometers have been used successfully to measure the "' C_

temperature of exhaust gases from the combustion of hydrocarbons up to 1840 0 C
(Ref. 198). It has also been used to measure temperature in rocket combustion
chambers (Ref. 199) and as an in-flight instrument for measuring jet engine .

exhaust gases (Ref. 200). The dissociation effects at high gas temperatures

complicate the determination of an effective specific heat ratio making this method
of temperature rmeapsurement more difficult.

Another method of temperature measurements is concerned with

microwave absorption and is based upon the principle that increased microwave
continuation in a gas, e. g. , a flame, will occur when thermally induced ionizations

occur. Furthermore, the density of free electrons and therefore the attenuation
created by this effect: is functionally related to the absolute temperature of the
gas (Ref. Z01).

A system employing this technique would consist of a microwave

transmitter and a receiver. The transmitter may consist of a 1000 cps modulated

microwave X (3 cm) or K (1. 25 cm) band generator followed by a high directivity
antenna which may consist of a pyramidial horn followed by a lens to increase
the directivity. The receiver may consist of an antenna lens combination similar
to that of the transmitter. The received signal is rectified by a square can detector

198 Simmons, F. S. and G. E. Glawe, Theory and Design of a Pneumatic
Temperature Probe and Experimental ResuILs In A High Temperature Gas Stream,

NACA TN 3893

199 Trent, C. H. , "Investigation of Combustion In Rocket Thrust Chambers",

Industry and Engineering Chemicals, Vol. 48, April 1956

200 HavilI, C. D. and L. S. Rolls, A Sonic-Flow Orfice Probe For The In-

Flight Measurements of Temperature Profiles of a Jet Engine Exhaust With After-
Burning, NACA TN 3714 ,.-

Z01 Kubns, Determination of Flamer Temperatur2 From 2000 0 K to 3000 0 K ..y
Microwave Absorption, NACA TN 3254, 1954
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amplified by a 100 cps amplifier, which is followed by an indicator. The minimumn
spacing between the antennas is to be such as to avoid interaction between the two
antennas. The flame is placed midway between the antennas. The temperature of
the flame is measured by comparing the output of the receiver with and 'Vi thout
the flame and relating the difference in the received signals to the flame temperature.

A. number of approximations are normally necessary, to relate the,"
temperature to the equivalent conductivity of the flame medium. And again .O
approximations are. necessary to determnine the effect of the finite size of the
conductive flame, such that the accuracy of the temperature measurement is

therefore limited. Accuracies of ibO'C have been reported in the temperature]i-
range 1600 to 21.00 0 C. The upper limit of the instrument is that temroperature where
almost all the atoms are ionized. The lower temperature limit depends on:. the

ability of the microwave receiver to detect smanall changes in received signals.

From standard works en acoustics we have relationships which

"provide a means of determining the temperature of a gas from sound velocity
measurements, if other terms are known or reasonable values can be assumed or

assigned. The methods of measuring the sonic velocity of a high frequency wave
to determine gas ternperat-ure can be grouped into two categories. First category

V..

uses optical methods corrbine with photography. In Lhis method, the wavelength A --
Of tihe1,C .sound wa'Us in "the gas are deternined at -a. knowvn and unknown temperature.
These sound waves are generated by a crystal, driven by a known frequency

oscillator. The unknown Lemperature may bc calculated from the relatio-

A = 2 (2-67)

The second category consists of rneasuring the transit time of a transient
acoustic signal across a gas path of a given length. Several other measurements
referred ito in this]. literature as sonic t(-rl" urP measuremen,'t,' use vc- caused

by spark discharges and might better be considered sheck wNave measurements.

The use cf the veiocity of sound a!3 a method of measuring
temperature, was .:rigge- ed by A. N. ,ayer in 1373 (Ref. Z02) and subsequently t9

by various investigators in the field. The following references suggest use of

202 Mayer, A. M., Philosophical Magazine, Vol. 45 n 18, p. 1973
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this technique in various applications: (Ref. 203, 204, 205, 206) "

Some advantages of the sonic method are: I! is inherently fast, so

rapidly changing temperatures can be followed. The lag normally caused by the

heat capacity of the thermometer element is absent. The measured temperature

is not dependent on the properties of another material. The chief disadvantage of

the technique is that point temperatures are not measured, but instead an average. ,

temperature over the path between transducers is obtained,

To measure high temperature with reasonable accuracy using the

sonic method, consideration should be given to these factors:

1. Values for the molecular weight and specific heat ratios of gases

will have to be known more accurately.

2. The gap length over which the sound wave travels may increase due

to ablation of the probes.
3. Since the sound velocity increases with increasing temperature,

the time needed for the sound wave to travel the distance between two probes

becomes smaller.

2-11 VIBRATION AND SHOCK MEASUREMENTS

V ibratien may be defined as a tern relating oscillatory motionn

in a mechanical system. In the Glossary of Telemetry Transducer Terms

(see Appendix II) vibration is defined as: motion due to a continuous change in

in the magnitude of a given forcc which reverses its direction with time. Vibration

203 Marlow, D. G., C. R. Nisewanger, and W. M. Cady, "A Method for

the Instantaneous Measurement of Velocity and Temperature in High Speed Air

Flow", Journal of Applied Physics, Vol. 20, 1949, p 771.

204 Barrett, E. W. and V. E. Suomi, "Preliminary Report on Tempera-

ture Measurement by Sonic Means", Journal of Meteorology, Vol. 6 n 4, August-.

1949.

205 Edels, H. and D. Whittaker, "The Determination of Arc Temperatures

from Shock Velocities", Proc. of Royal Soc. (Series A), February-June 1957,

pp 239-40.

206 Taylor, C. F. , "Development of a Method for Measuring Gas

Temperatures in the Combustion Chamber of an Internal Combustion Chamber

of an Internal Combustion Engine", MIT , June 1953 - July 1954, ASTIA AD 41 455.
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is generally interpreted as symmetrical or non-symmetrical fluctuations in the
rate at which acceleration is applied to an object. And a closely related term
"shock" is defined as: an abrubi change in applied energy. Shock is often considered
a transient function of vibration. Terminology in this area can overlap as the .
period or function of time is considered. Oscillatory motion for several milli-
seconds may be considered shock.

Measurement and study of vibration and shock includes considerations
of displacement, velocity, acceleration, rate of change acceleration (jerk), and r
frequencies. Vibration may be periodic, sometimes defined deterministic in
that the variation with time is predictable from repeated past history; or random
such that the parameters are not predictable from any recognized repeated

pattern,

Newton's laws of motion clearly relate the vibration parameters,
acceleration, displacement exciting force and mass involved. The fundamentals
of acceleration measurements presented earlier deal with these basic relatio`Lnship.
This subject is treated in great detail in many texts and is the basis for derivations
of relationships in translational and rotational motions. Mr. Ralph E. Blake,
(Ref. Z07) preselnts an excellent review of motion analysis fundamentals in,
Chapter 2, "Basic Vibration Theory" in Volume I of the Shock and Vibration .7
Handbook.

Vibration measurement in practice becomes an. analysis of a •:ysten
whereby various forms of the basic laws f rncLion are duplicated electrically,
by interpreting the analogies and choosing the more appropriate measurements
desired. Displacement may be measured and if related to tirme define 'he parameters
of vibration, velocity by differentiation, and double differentiation for acceleration.
Similar velocity or acceleration may constitute the basic measurement employ-
ing integration or differentation to obtain other parameters, Thus the measuring
device may be chosen for its ease and ability to obtain accurate results, Low
frequency vibration may increase the difficulty of velocity or acceleration
measurements and measurement of displacement may offer the greater advantage.
Usually at the higher frequencies the excursion or displacement range becomes
quite small and therefore more difficult to measure; and furthermore the frequency
response of the displacement device may not be adequate. Acceleration of
velocity pickups may then be the answer with integrating circuits or manipulation
employed to arrive at the displacement parameter. However, acceleration,
velocity and displacement are only correlated easily when the vibration measure-
mrent is a simple sinusoidal motion containing one frequency. The normal more

207 C. M. Harris and C. E. Creud, Shock and Vibration Handbook, In
Three Volumes, McGraw-Hill Book Co., Inc.

WADD TR61-67 237
VOL I REVl

-Ar



complex vibratory nmotion requires that data be analysed isolating each specific
frequency or employ more exotic measurements and analysis.

The simplest vibratory sys.mevn sho'wn in Fig. 2-1.21 is call-ed a
single degree-of-freedom ,system, since a single malass, m , displaced in a
constrained direction so that its. change oi position is fully described by the
single quantity x, The- deg.rses-ojf-freedomn of a, systemi indicate the number of
independent parameters required to define the distance of all masses from their
reference positions. A single .mass, ni , con~strained to move only in x and y-
direction would be constitute a - deg r;,.e-of-fircedom system. A continuous system .
sul-ch as a beam, wherein ir,.finitely thin cross--sectional slices represents each"
mass, is considered to havc an). infinite numberr of degrees- of-freedom,.

if a mass is a systeem is displaced from its i.nitial reference, h-enli
the force of displacernent rercloved aand the nmass is allowed to vibr-ate free, without
external acting forces, it is e-.xhibiting free v•bration. Forced vibration is the
condition when a continuing force acts on the mass, or the foundation is un-.der
continual mci-ion, 'The natural frequency is the free vibration frequency of a
system and nmay be deifined by

f n =1 g"(Z-68)

\v.. 
A.

fn = natural frequency
k = spring constant
W = weight of rigid body
g = acceleration of gravity

The reciproca.l of the natural frequency is the period or time inter-val of cne complete
cycle of sinasiodal oscillation.

Damping is defined as the dissipation of eergy with time ri
It is the characteristic, of the measuring device or the vibrationial system, to ..

resist continual or free vibratian. hn a simple vibration measuring device th.'
dan-ping is usually controlled, or specified to improve the performainc--, of the device
over a selected band of frequencies. The relationships of dampirig in sirnple
harmonic systems are wve.ll d-.fined in many text. Practical methods of damping use
gases, liquids, resilient solids, magnetic fiieids and au.xil-.ary moass or counter--
xdbration subsystems.
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Vibration measuring instruments are of two general types, one in
which the paramretezs are measured with reference to a fixed point in space, and ....

the other related to the response of a mass-spring sustem. Fig. Z-IZZ illustrates
a simple fixed reference device. Displacement is indicated by direct observation.L 9
or use of displacement transducers monitoring the vibrating part. The mass-spring
type instrument is attached to the vibrating member and the relative motion.
Incorporated in the device is a displacement transducer to generate a signal relative
to the mass versus case motion. Fig. 2-123 (a. - h. ) illustrate principles of the
various types of mass-spring type devices. They differ mainly by the type of.
displace•nent transducing element. The general types are: potentiometric, variable
inductance, variable capacitance, unbonded strain elements, bonded strain gage,
piezoelectric, piezoresistive, light modulated, and electrolytic. These type
elements have previously been discussed and miscellaneous types are: electro-

chemical, mcchanoelectonic, optical interferometer, vibrating wire, tuning
fork, gas-disclhnrge, reflected wa,'e interference, and servo accelerometer.

The piezcelectroc type vibration transducers are very widely used.

They are of the su;lf-gen-rating type producing an electrical output signal in
relation to the deforn:atioli Of pieznýelectrwc elr,,n. The piezoelectric element
rm, y be maxae -f natural ol" synthetic crystals, c.•rr~wic mate.xials (barium tetnate) a
and some-conductor r.-ateria s. Tylpes of devices may be classified as compressive
cr bending. Normally higher frequency response (natrrai frequencies to 1.00 kc)

are obtainable when el-mrents r& in compresssi.,

In chcp'.r 16, Volume I, Shock and Vibration Hai.dbook, (Ref. 208).

A. 1. Dranietz and A. W. Orlacclio present an e~ectrlcal analog ofT the piezo- 0
electric accelerometer. This is useful in deriving force disllacement and motion
relations and in cal.c-xlating performance characteristics of at measuring system.

Piezoelectric transducers are usualiy smil and lightweight (i gram

to sevea! cunces). Larger units may have gieater sencJttivity or lower frequency

response incoiporating several elements in a system arrangenment to enhance a

particular function. Packaging and mounting are vairied to suit application, Prime

importance, of cw,.rs, is the ability of the device to respond to the v±'ating

member b1uing measured and therefore mounting a-rrangcf~cflts froin 'studs to epoxy

celncnted areas mnake up an appreciable porti-on of the ;,liysical design of the

vibration instrument. "-A

Electrical characteristics of the piezoelectric transducer ace

concerned with output signa!. The sensitivity (output per urdt of measured
paramneter) may be e;pressed as a voltage or charge sensitivity. Units are usually

208 Samne as Reference 207

WADD TR 61-''l
VOL I R2ZV 1 240



(Il z U-

0~~F - - -- j'
-~ LU

-Li 0

u~0 Lu
UF -- I

U U

LDLU

-jZ

< Uz
w LUJ

V-)

U.1

LU _ _ _ _ _ _ _-

LLLI±Fd

I-j-

< 0

LU LU]

LU

LUz

- Lu

LU,

LU Lu LU

0z
0~0

F~gure 2-123 Mass-Spring Devices Employing Various Displacement indicating Elements

WADD TR 61-67 241
VOL, I REV 1



millivolts per g or coulombs per g, where acceleration and time relate vibrational
information. Typical sensitivity values range from 5 to 125 mv/g with load of
20 k to several 100 megohms (some require electrometer type amplifiers). The 'v1
output impedance may indicate the low frequency characteristics of the device.
The resistance and shunt capacitance of the transducer and the input resistance of
the signal conditioner result in a time constant limiting the low frequency response.
High input impedance amplifiers are usually necessary and with th2 great .

advancement in solid state microminiaturization many vibration pickups include
output amplifiers. The high frequency response depends primarily on the natural
frequency and the damping employed. Commercially available transducers employ

damping ratios such that vibrational frequencies of . 2 to . 7 of the natural frequency
may be followed with 5% or less variation in sensitivity. A virtually undamped -

system may operate at frequencies up to about . 2 the natural frequency with
approximately 5% variation in sensitivity (Ref. 209). Transverse sensitivity is the
characteristic of the device to generate an output signal when acted on by force or
acceleration in a plane other than the plane of motion being measured. This "-
characteristic is normally specified in percent of maximum sensitivity. Typical
values for transverse sensitivity are 1% to 10%.

The piezoelectric transducer normally has a wide acceleration range #j
of operation. Typical units may operate from 0. 02 g to 1000 g. Upper limits are ,
usually determined by calibration unless maximum g value is dependent upon .
kcnonxi pys~icrail limita.tions of case or mounting fixture. *

Temperature effects onpiezoelectric transducers are largely dependent ;
on the piezoelectric element and of course, the packaging for any beneficial
cooling at the elevated temperatures. Instruments are available for vibration -"-

measurements at ambient temperatures from -300°F to over 5000F maintaining -.

t5% sensitivity variations. The charge sensitivity and capacitance of piezoelectric
element materials are temperature dependent. Thus voltage sensitivity and
frequency response can be related to temperature changes for the various materials.

In particular cases the damping characteristic may be temperature dependent at
extended temperature ranges. J

High intensity sound environments may effect the characteristics of
piezoelectric vibration transducers. Peak outputs will result at the resonant
frequency of the seismic system. Damping will lower this output. One type k .t'
vibration pickup produced a signal equal to 10 g acceleration in presence of 170 db

acoustic noise and approximately a I g signal at 150 db noise and a 0. 1 g signal at
130 db noise. -.

209 Same as Reference 207'
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The electrochemical types include the electrolytic potentiometcrs
and other devices using electrolytic cell, where ions in the solution carry the
electric charge. They require low power and have essentially no moving parts.
Disadvantages of some types include temperature sensitivity, frequency limit
atoms, and possivility of contamination of cells. Solion (Ref. 210 and 211) transducer
produce a signal as shock or vibration induces movement of the electrolyte, which ',

disturbs an ion concentration, established by an external voltage source, around ,- "5
the electrodes of the cell. This causes a change in current flow in the external ": -
circuit. Solion transducers are low frequency devices (0 to 200 cps) and temper ture 71
dependent operating in the range +Z8°F to +90 0 F. Temperature compensation is . -:
usually employed. --.

The porous disc transducer (Ref. 212 and 213) is another electro-
chemical ty-pe based on an electrokinctic phenomenon that occurs when a polar
liquid is forced through a porous disc. When the liquid flows through the pores,
a "streaming" voltage potential is generated across the disc, in phase with and
proportional to the differential pressure across the faces of the disc. The
electro-osrnotic cell uses this principle. Polar liquids used are water, methanol,
and acetonitride. The frequency response of devices of this type may be flat
within ±3 db from 3 cps to 60, 000 cps (Ref. 214). Sensitivities depend on cell
liquids and column length, ranging from a few mv/g to 500 mv/g. The operating
temperature range is determined by the boiling and freezing points of the polar
liquid. Higph imnedance lnoad rna- not require temper'ature compensation, but
for load impedances comparable to the cell impedance external circuit compensation
is required, The operating characteristics of this type transducer may be made
to vary over extremely wide range by selection of working fluids.

210 Hurd, R. M. R. N. Land and 11. B. Reed, "Solion-principles of
Electrochemistry and Low Power Electrochemical Devices", U. S. Naval Ordnance
Laboratory, 1957..

Z11 "Solion For Industry", Electronic Products Engineering Bulletin, National
Carbon Co., 1957
212 Hardway, Jr. , E. V. , Instruments, 1953

213 "Electro Kinetic Measurement of Dynamic Pressures", CEC Recordings,
November, December 1956

214 Bulletins 1600 and 16002, Consolidated Electrodynamics Corp. _,_
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The mercury-electrolyte transducer is still another electrochemical
type. Fig. 2-124 shows a basic type whereby alternate slugs of mercury and
electrolyte solution, such as potassium iodide or sodium chloride are contained in A

a capillary tube. A voltage is generated between the electrodes when the tube is
shaken, causing relative motion between the capillary and mercury-electrolyte
system. This phenomenon is called the Latour effect (Ref. 215) or V-effect II
(Ref. 216). The output voltage is a function of the number and length of slugs,
vibration amplitude and frequency, These devices have high sensitivity combined
with high power output, may be self-generating, low internal impedance, and can

be quite small and light weight. Disadvantages include temperature sensitivity
and sensitivity to shock damage.

The mechanoelectronic type transducers employ the application of
an electron tube with variable relative spacing of its elements, such that a change .
of current or voltage is indicated at the output proportional to relative movement
of elements. Very small displacement can be sensed, the moving elements can
"be quite small, frequency response can be high and the many applications of electron

tubes and associated circuits may be employed in more complex transducers.
There are problems of drift and zero-shift which must be compensated and the
difficulty to fabricate vaccum sealed shell through which displacement or vibration
must be transferred. Acceleration, vibration, displacement and pressure .
sensing transducers of this type have been developed. (Ref. 217, 218, 219)

Optical electronic transducer types include many types, but

essentially measure displacement without requiring contact with moving element,
sensing the reflection or transmission of light controlled or modulated by the
moving element being measured. The Optron Corporation (Ref. 220) has a system

215 Fain, W, W., S. L. Brown and A. E. Lockenvitz, Journal of Acoustical N

Society of America, 1957

216 Podalsky, B. G. Kuschevics, and J. L. Revers, Journal of Applied
Physics, 1957

217 Olson, H. F. Journal of Acoustical Society of America, 1947

Z18 RCA Tube Manual, Radio Corporation of America

Z19 Ramberg, W., Electrical Engineering, 1947

220 "Optron, Displacement Follower", Optron Corp.
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for vibration measurements that uses a controlled spot from a special purpose
cathode ray tube focused through a lens system onto a reflected area of a
vibrating member to be measured. Aý photocell is placed to receive the reflected [
light and the photocell output drives a servo amplifier which controls the bias - .- ;,

to the cathode ray tube. The control loop is adjusted so that when no light is
reflected the cathode ray tube spot is directed downward and when reflected light
is received it is directed upward, Thus, the spot is held on the edge of the
reflected area. When the member is di-placed or vibrated the edge of the reflected
area of course follows follows and the projected spot will track the displacement.
The electrical signal driving the spot is proportional to the displacement. Full
scale displacement ranges of 0. 001 inch to 10 inches are available with frequency
response to 10, 000 cps. Accuracies of 0. 1% are attainable.

Another type optical electronic transducer used in vibration rI -

measurement is the optical interferometer. (Ref. Z21 and 222) A beam of light
from a monochromatic source is directed onto a half silvered mirror which
reflects part of the beam along one path and transmit part along another path.
These beams are reflected by optically flat mirrors to recombine in a viewing ,4
telescope. One of the optical falt mirrors is fixed and the other permitted to
move along the axis of the light beam, its movement actuated by vibrating member
to be measured. If the effective length of both light paths are equal the recombined
images will result in a light beam of the same intensity as the original beam. If
huwever the movable mirror is displaced such that the effective light path from.
one mirror is a half wave length longer than that from the other mirror, the re-
combined image will produce a dark field. Displacements as low as 4 microinches
can be detected using a monochromatic light source of 5, 641 angstroms (mercury-
vapor light with filter). The interferometer is used for calibration of vibration
measurements in the 30 to Z0, 000 cps range.

The vibrating-wire transducer consists of a taut wire supported
between two knife edges, an oscillator driver and a detector. The natural frequency
of the wire varies with length and tension. The motion being measured is coupled
to one sunnort causing the tension of the wire. to vary in reIltin to the rnnTinn Th-

oscillator driver is adjusted to operate at the natural frequency of the taut wire
indicated by a maximum output of detector. Detector output is amplified and fed
back to control the frequency of the oscillator driver so that as the tension changes,
the oscillator driver changes frequency to maintain operation at the wires resonant
frequency. The output of the control circuit or a detected change in frequency

221 Hunton, R. D., A. Weis and W. Smith, Journal of Optical Society of
America, 1954 -.- -

22? Edelman, S., E. Jones and E. R. Smnith, Journal of Acoustical Sceyo
America, 1955
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may be used as the signal output denoting rneasrued motion. Displacement,
vibration, pressure, strain and torque type devices have been developed using

this principle. (Ref. Z23, 224)

If a gas discharge type tube containing two electrodes is placed

in a radio frequency electric field, a dc voltage will be developed between the ...

electrodes, when the electrodes are not syminetrica~ly located in the field. Sensitiv-

ities as high as 0.05 volts/rmicroinch have been attained with dc outputs as high

as 60 volts.

Reflected wave type vibration measurement systems consist of

a transmitter and receiver or special sensing device. In one type a microwave

frequency is transmitted along a wave guide, with open and toward the vibrating

surface being measured. By tuning the wave guide and adjusting the frequency, a

standing wave pattern can be established that is very sensitive to the portion of the

reflecting surface being vibrated. The demodulated output of the VSWR indicator

is proportional to the motion of the surface being measured. Displacements

less than 1 microinch and at frequencies to 1000, 000 cps have measured using this . -

type technique. (Ref. 225)

A transmitted microwave beamed toward a vibrating surface will
reflect a wave phase-shift modulated in proportion to the vibration amplitude

and frequency of the reflected surface. At frequencies around 1 cm wavelength,
maximum displacement range of 1 wavelength with 1% accuracy and resolution to ?.0. 1 microinch has been measured. (Ref. 226)

Power from ultrasonic transponders reflected by a vibrating surface

has been measured and the amount and phase related to the vibrating motion. The

Doppler-frequency shift in an ultrasonic carrier reflected from a vibrating

surface from the transmitter/receiver, but only on the velocity of the motion ol

the reflecting surface. (Ref. 227 A) '

223 "Remote Measurement and Control With Vibrating Wire Instrument",
-' Electronics, June 1945.

224 Allen, W. H., U. S. Pat. 2,725,492; Reviewed in Journal of Acoustical
Society of America, 1956.

225 Cohn, G. I., and B. Ebstein, "A Microwave Non-Contacting Tracing

Technique For Automatic Contour-Following Machines", Proc. of National

Electronics Conference, Vol. 12, 1956.

226 Steward, Chandler, "rProposed Massless Remote Vibration Pickup",

Journal of Acoustical Society of America, 1958.

* 227 A Hardy, H. C. , H. H. Hall, D. B. Callaway, and D. J, Schorer, Journal

of Acoustical Society of America, 1955.
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Servo type transducer systems are a type normally associated with
lower frequencies (below 100 cps) but may be made very sensitive, accurate and

stable. Characteristics of transducing element are electronically controlled or

modified by servo loop control and although this type usually infers a more complex
measurement system, it offers a point or connection to obtain signal indication

and develop a control signal. The control signal is usually of the error type

where the measured value is compared with a pre-planned, standard or programmed

signal and further used in the loop to compensate and improve the measuring
system.

2-12 MEASUREMENT OF THRUST (Ref. 227 B)

Precise knowledge and control of thrust levels is of prime concern

is missile and space probe systernts. Accurate and independent measurements
of thrust and acceleration provide data for precise space maneuvers as well as
flight performance monitoring.

There are two general categories of in-flight thrust measurements.
These are direct, where u3e is trade of vehicle motion or where actual forces are

measured; and parametric, in which motor parameters are measured and used
in thrust calculations.

a. The in-flight thrust of a vehicle may be determined by measuring
the characteristics of its motion ?.s devined by the terms on the right hand side of
the following dynamic equation:

n

T (?-Th - (2-69)
i =1 •"

where

T = the vehicle thrust vector to be determined
M = the total instantaneous mass of the vehicle
r= the total inertial acceleration vector of the vehicle

= local gravitational acceleration vector
= the i th external force vector acting on the vehicle

*-)e ) designation of differentiation with respect to time
t= designation of the summation from i=l to i=n (a number)

1=i

Major emphasis is given to various methods for measuring the vehicle
acceleration 7.

227 B Martin, T., Scharres, E. 11., Sperry, W. and Zimmerman, F. J., .-
"Thrust Measuring Techniques," WADD TR60-488, Armour Research
Foundation of Illinois Institute of Technology, July 1960. AD253148
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1. Accelerometer Technique

This technique makes use of accelerometers mounted on a
gyro stabilized platform to obtain vehicle acceleration conditions relative to a - .

non-rotating, space oriented, coordinate frame of reference. In general, three
accelerometers will be needed and must be mounted such that the output of each

corresponds to the acceleration comporents along each of the three platform b-,l
oriented coordinate axes. Combining this information with that obtained from
the external force sensors and a mass flow meters, a computer can be mechanized
to solve for both the magnitude and direction of the vehicle thrust. See Appendix
for further details of this technique and a discussion of signigicant external forces
"effecting thrust calculations. KSLUE

Advantages in this thrust determination technique are: no - I
special measurement of gravitational acceleration is required, it makes use

of a number of components that are already included in the guidance system of
vehicles that most likely would require an accurate knowledge of the thrust, and 2
it is a passive technique requiring no external reference information. It may
be necessary, however, to make either continuous or periodic celestial fixes
to gyro drifting, thereby tempering the latter advantage somewhat. -'

The disadvantages in the system are (1) the probiem
involved in adequately determining the acrodynaniic forces acting on the vehicle
and (2) the problem of designdng special rnass flow meters for the various types
of propulsion unit configurations.

Other methods employing vehicle acceleration concern

acceleration measurement using external references, For such measurements

to be useful in determining vehicle thrust, it is essential that they provide

information that is compatible to the reference frame in which the thrust equation fl.21
is valid. A gyro stabilized platform aboard the space vehicle is normally be %.I
used and by preset orientation, a coordinate system is established, referenced
to the earth or a similar planet near the flight path. In rennote regions of fl- gh

it may become necessary to establish one's own external reference. An example L O
of this would be the release of an object from the vehicle at some time, prior
to an anticipated thrust maneuver, and the continuous traching of its motion

relative to the vehicle, using suitable tracking devices aboard the vehicle.

2. Combined Accelerometer - Force Transducer
,-44

The object of this technique is to combine the best properties
in each approach to eliminate some of the troublesome vcriables whdch are
present when considering an individual method The var.ables of drag, when
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operating within an atmosphere, and changing mass, due to the discharge of fuel,

complicate thrust calculations considerably. Values for drag can be determined ,

through many additional measurement's, air density, angle of attack, velocity,
frontal area, drag coefficient, etc. , with many inter-relations. Careful examination

of the particular application should allow approxim.ation of drag with a minimum

of measurements, realizing that a certain sacrifice in accuracy results. However,
the usual case in further analysis makes very clear and need for thrust measurements

independent of drag or in which drag is felt directly eliminating the need for .

* separate determination.

The changing mnass problem. cuj difficulty in measurement of
instantaneous mass, forces one to keep track of tE-: departure of each portion
of mass from the vehicle. The many variables i avalved in such an attempt, with

instruments, now available or in development, in..icate undersirable or impractical

inaccuracies.

The combined accelerometec-force transducer technique is

independent of drag and changing mass. It will work equally well within and

without the atmosphere and is unaffected by varyirg gravitational fields. It

depends only on precise measurement of acceler tion (possibie with the present

state-of-the-art) and precise measurement o- th, force between the motor and the

vehicle. It is especially well suited to liquid pr,:pellant engines; however, it is

applicable to any motor. An additional feaaure of the system is that it will measure

thrubL direction as well as magnitude whetex directional changes are obtained from

vectoring systems or gymballed nozzles or whole motors.

An interesting application example based on data from V-2

rocket system is discussed in the Appendix. Also thrust equations for liquid
propellant and solid propellant systems are presented.

In brief, the mass of the vehicle is separated into mass M.

of the rocket motor and its contained fuel, which is assumed constant during powered

flight phase, and mass M 2 , consisting of the remaining portion of the vehicle
(pavload. fuel. instrumentation; etc. .)_ See ?--123 ?n 1-. The rocket

motor thrust accelerates both masses equally and a proportional amount is

transmitted from the motor through the mounting brackets to propel M 2 . A force

transducer measures the compression load for force (P) in the mounting brackets

and thu s:

T =M a + P (2-70)

Then in atmosphere the total drag force acting on the vehicle is assumed to act
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Fig. 2-125 Separation of Mosses Consideration for Liquid Propellant Systems

Fig. 22-126 Simplified One-Dimensional Example
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Fig. 2-129 Diagram of Rocket Engine and Thrust Cradle
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Fig. 2-131 Computer for Direct Thrust Measuicmcnt System.,..Z
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only on M and again the thrust determination is independent of drag measurement.
If the loadlor force (P) and the acceleration (a) are sensed continuously by

. appropriate instrumentadion, it is then possible to calculate thrust (T) knowing
"only mass of motor (M1 ).

"In solid propellant systems whl re fuel is part of the motor,
"mass M1 may be interpreted as the mass of the nozzle and the force measuring

transducer placed such that force (P) is actually that force produced in the nozzle
acting on mass M., in this case, the reminder of the rocket motor, solid propellent
fuel and payload. (See Fig. 2-1Z8) A careful analysis of the production of thrust
in the nozzle is necessary to insure measurement of valid force (P) for use in thrust
calculations. See Appendix for further details.

3, Direct Method - Force Measurements

The bonded resistance strain gage has had wide-spread use for
thrust component measurement in static test stands for engines and vehicles. A
number of these force sensors can be integrated both mechanically and electrically
into complete thrust measuring systems. A number of such systems monitor the
forces produced at the attachments of the motor to the vehicle. Fig. 2-129 shows
diagram of rocket engine and thrust cradle. The accompanying Fig. 2-130 indicates
mechanical arrangement of force sensors and force vectors measured. Block
diagram in Fig. 2-131 indicates computer logic yielding direct thrust measurement.

These systems are sensitive to acceleration forces in the
directions of thrust components as well as in the pitch, yaw, and roll axes. The
motor and its suspension is, in a sense, a large triaxial accelerometer and hence
will sense the acceleration forces on the vehicle.

Accelerometers could be used to sense these accelerations
and these signals used to cancel out the undesirable forces in the system. To
accomplish this cancellation dynamically it is necessary to match very closely the
dynamic characteristics of the motor suspension system so that the compensation
is effective at all times.

A method of accomplishing the compensation which is related to
the method of using accelerometcLs is to conbtruct a dynamically similar model
of the rocket motor and its suspension. This model is then placed in the vehicle
and is subjected directly to all of the forces except the thrust. Thus, measurements
can be made on the model to compensate for the cornponenits of thrust which are
sensitive to the inertial and gravitational forces.
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b. Determination of Thrust Py Parametric Methods

1. One of the general methods available for thrust determination
incorporated the use of engine paramr.,,rs. If a satisfactory means can be found
for measuring the various parameters which can be used to determine thrust,
some important advantages may be gained. Namely, many of the available
parameters are independent of the enviionment, or the effects of the environment
are felt directly in the measurement making separate measurement of individual 20.
environment properties unnecessary. This can be a decided advantage when
operation both within and without the sensible atmosphere is anticipated. Addition-
ally, some monitoring of engine parameters will no doubt be necessary for such
things as safety and determination of fuel used to aUrive at instantaneous vehicle
weight. Output from these measurements can be used to arrive at rocket thrust, "'
obviating the need for a separate measuring system.

Among the many engine parameters which are available,
the following appear to offer the greatest potential for thrust determinations:

Fuel flow rate (mn) 6.
Specific impulse of the propellant (Isp)
Exhaust velocity of the discharge gas (Ve)
Rocket motor chamber pressure (Pc)
Characteristic nozzle dimensions (At and Ae)
Chamber temperature (T)

The preceding list contains the basic engine parameters which
can be used to determine the thrust of the rocket. There are a number of other
parameters available such as temperature at the throat or exit of the nozzle,
pressure in the same locations and chemical and physical properties of the pro-
pellant. Through suitable relationships the latter can be us.A to determine the
basic parameters which, in turn, can be used to determine thrust. These
parameters appear to be more important for thrust determination schemes since
they are generally less extreme and more amenable to measurement. However,
there is a greater possibility that some of these parameters will introduce larger

errors in the thrust determination because of less sensitivity to perturbations.

The many forms of the thrust equation must be analyzed for
the particular application to determine if it is practical to measure, to the . . f'

required accuracy, the determining parameters. For example the simplest form
of thrust equation may be:

T = m Isp (2-71)
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whe re

m weight flow rate lb/soc I-,,

Isp = specific impulse of the propellant

To determine thrust from this equation it is only necessary to measure two para-

meters, and if it can be assumed that Isp is a relatively predictable term for
varying altitudes for a given propellant and nozzle configuration then only mass

flow rate rh must be measured. This is a very important parameter in rocket
systems instrumentation and the degrees of accuracy and ease of measurement

varies greatly with specific vehicles and application of vehicles. In liquid fuel

types the easiest approach may be measurement of a volumetric flow rate of
fuel and oxidizer before entrance into the combustion chamber using standard

flowmeter in the propellant feed lines. Temperature compensation is necessary
in the mass flow rate calculation and inaccuracies are likely due to temperature

transients and lag in sensing. Probably the best accuracy to be expected in

mass flow rate measurement using flowmeters is 2 to 5%.

There are many schemes for measuring mass flow rate,

such as: tracer introduction and detection; use of thermodynamic relations using
known cross-sectional areas, thermodynamic coefficients, pressures and temper-

atures; measurement of surface burning rate of solid propellent; or depletion
rate of fuel. There are advantages, disadvantages and degrees of inaccuracy

associated with each. By-products of the many other normal and special

measurements made in a system may be correlated to improve or compensate

inaccuracies.

The term Isp, specific impulse, in our simple thrust equation
is the impulse, or pound-seconds available from the combustion of one pound

of propellant in a rocket motor. Although theoretical determination is readily
available using known eq:iations, its value is limited in that in practical systems

the theoretical maximum is never achieved. Analysis of Isp in practice reveals ,
other relations in the determination of Isp using measurements of back pressure

into which nozzle is exhausting, true an exit area of nozzle (not always constant
as for mechanical exit area), and exhaust velocity of gas at nozzle exit.

Other forms of the thrust equation which suggest use of

other parameters are:

T = Ay Ve + (Pe -Pa) Ae (2-72)
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whe re

T thrust
rii= mass rate of discharge

Ve = true velocity of the exhaust at exit
Pe = pressure of exhaust at exit
APa = external pressure

= factor correcting for divergencc of the nozzle at
the exit.

T =Dd At Pc Isp (2-73)

where

Dc =discharge coefficient
At = area of nozzle throat

Pc = chamber pressure
Isp - specific impulse

T = At Pc Isp g (2-74)

C *

whe re

g is substituted for Cd

and g = gravitational constant,
C* = characteristic exhaust velocity

T = Cf At Pc (2-75)

where

Cf is called the thrust coefficient

and Cf= ZKZv • I'l- K + P P3 AZ

K-i Kl ' P1  At

. L - -(2-76)
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using inlet pressure and area and exhaust pressure and area. This theriro-

dynamic determination is based on a number of simplifying and error-introducing

a assumptions and Cf can more successfully be deoterni'led on the thrust test stand,
since it i6 a characteristic of a given nozzle.

N2. Indirect Parameter Measurement

There are m.any- phnomni. asociated \Nith rocket motor

performance, that may be utilized in determining thrust measurements. M\/uchi
inve-stigation is going on to dote rmine practical relations and useful measurement

technique based on optical, infrared,. and u~ltraviolet radiation and elect romiagnetic
attenuation.

Fig. 2-132) and 2-133 show block diagram and relationship of K~
K possible use of electromagnetic attene-ation techniqu-. The transmitter and

receiver m-ay be mounted near the, rockets exhaust directing the-ir antennas .

L% ~ rearward. Adjustable reflectors are, provided to direct transmnittal signal through
the exhaust plume and back to the receiver.

The field ofinagnetohydrodynamies sugjgests another technique
involving the interaction of a moving conductive gas (the rocket exhaust) and an

t,..

V applied magnetic field, inducing an emf proportional to the gas velocityr and the
magnetic flux. (Ref. 228).

uAnialysis op shoclk wrde aves in rock exhaust yi llelo"thrus"t

direction information and use of an optical sensor might provide a practical
parameter measurimdsent.

ThrStudy of visible flame of the rocket exhaust yields many

nrelations concerning nozzle geometry, the degree of under- expansion, the

Peatmospheric pressure, chemical composition, vehicle velocity and aerodynamnic
vehicle configurations near the nozzle. Flame length .ay be related to the thrust

- produced.

N 28 Sears, VThR. "i''Magnet ohydrodyrnatic- Effecttsin Aerodynaric Flows",

ARS Journal, Vol. 29, No. 6, June 1959

N
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Fig. 2-132 Electromagnetkc Attenuation/'Thrust Relationship

Fig. 2-133 Diagram of Electiamagnetic Attenuation Technique of Thrust Measurement
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The study of the rlationship of noise to jet-stream.
characteristics, (Ref. 229, 230, 231, .32) initiated principally because of
noise annoyance created by jet aircraft and concerning acoustical fatigue problenms
has revealed a qualitative noise and nozzle exit velocity relationship. Since
thrust is also related to velocity an acoustical method of thrust nieasure•,.eert
is strongly sugge-sted. Only limited work has been performed along this direction
but with availability of high temperature acoustical pressure, measuring probes
this method may offer more promise.

c. Advanced Propulsion System

Thrust measuring requirements and methods concerned with
some of the more exotic propulsion systems indicate emphasis on direct thrust --
measurement techniques. Inter-relations and inaccUracies involved in any
simplification are greatly enhanced in employing parametric methods in ion.
and plasma propulsion systems. In nuclear propulsion systems Parameter i
measurement devices are subjected to extreme environmental conditions as well
as the equation for thrust becoming more involved.

229 Lighthill, M. J. , "Ol Sound Generated Aerodynamically. I. General

Theory", Proceeding of the Royal Society (London), Sec. A, ?]1, 1107, March 20 . .,
1954, p. 564. -,1

230 Lighthill, M. J., "On Sound Generated Aerodynamically, IIL Turbulence
as a Source of Sound", Proceeding of the Royal Society (London), AZZZ, 1, 1954

Z31 Callaghan, E. E. and W. D. Coles, "Far Noise Field of Air Jets
and Jet Engines", NACA Report 1329, 1957.

232.lw•es, b X. L., E . " .Callagha.. , XYVr. D- Gales, andH. INP-. Mull,
"Near-Noise Field of a Jet Engine Exhaust", NACA Report 1338, 1957.
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2-13 BIO-INSTRUMENTATION

a. Introduction ?..4

Bio-Instrumentation has experienced a rapid
growth sinc'- World War II. The environments experienced and
physical performance demanded of air crews have changed with
every advancement into the space age. Manned space flight and

the now present race-to-the-moon has focused attention on phys-
iological function and life support measurements to insure man's
safety and optimum performance during travels into new and unknown
environments.-

Bio-experiments with animals and man concerned L
with flight tests have been conducted with ever increasing emphasis
since World War II. Sputnik II launched November 3, 1957 carried .1
test animal "Laika" (a dog) instrumented for temperature measure-
ments and effects of pressure. Discoverer III, launched June 3,
1959, carr.ed four black mice in a re-entry capsule. Sputnik IV ý24

launched May 14, 1960 carried a "dummy" instrumented space man.
The Russians launched a 5-ton spacecraft December 1, 1960 carrying
two dogs, other animals and biological specimens. Another similar
Russian craft with one dog was launched March 9, 1961. The United
States Discoverer XVIII capsule contained human cells and was
successfully retrieved Dec 10, 1960. The MR-2 space vehicle *
carried a 37-lb. chimp named "Ham" to a peak velocity of 5800 mph
and on re-entry experienced 14G forces. -.

A major step came on April 12, 1961 when Yuri
Gagai in made the first orbital space flight in the 5-ton spaceship
Vostck. Shortly, thereafter, on May 5, U. S. Astronaut Alan
Shepard traveled 115 miles into space and 302 miles out to sea in
a 15 minute Mercury-Redstone flight. Then again on July 21, 1961
U. S. Astronaut Virgil Grissom rode a Mercury capsule to a 118
,Mile alxLude and u303 miles ouL in the Atlantic Ocean. Then on August
6, 1961 Major German Titov traveled 17-plus circuits of the globe
in space ship Vostok IL His flight lasted 25 hours and 18 minutes
and of prime interest was the report of some air-sickness due to
long periods of weightlessness. -.- '
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"The highly successful orbiting and recovery of
the Project Mercury Friendship Seven manned space capsule
on February 20, 1962, with Col. John Glenn making three 0'
orbits in 4 hours and 56 minutes highlighted the manned space
travel to date. There are some 18 manned space flight and"
support launches scheduled in 1962.

Table 2-11 MANNED SPACE FLIGHT AS OF MARCH 1962

Man Gagarin Shepard Grissom Titov Glenn

Date April 12,'61 May 5,'61 July 21 '61 Aug. 6,'61 Feb. 20,262
Type of Earth orbit Suborbital Suborbital Earth orbit Earth orbit

Flight
Altitude 203 115.696 118 159 162

(miles)
Distance 25,000 302 303 435,000 3 orbits ....

(miles)
Flight 108 rmin. 15 min. 16 min. 25hrs, 4 hrs,

Trime 18 rain. 6 min.
Peak 17,400 5100 5280 17,750 17,100

Velocity
Vehicle Vostok 1 Freedom 7 Liberty Bell 7 VostokII Friendship 7

Name
Spacecraft 10, 395 4031.7 4040 10, 430 4050

Weight
* . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-__ _ _ _-_°__•_

b, Physiological Measurements

In most cases clinical methods of performing body 4
function measurements are not satisfactory or entirely feasible •-,,41
for space-vehicle application. A survey conducted at Martin-
Denver (Ref. 233) pointed out that some sort of equipment was
available to measure nearly all physiological parameters but that
many of these devices were not suitable for the requirements of
p rolonge space flight. Tney were rarely of low power, light weight,
small, rugged, comfortable, non-restricting to subject and capable
of accurate and reliable operation in abnormal environments of
temperature, pressure and acdeleration. Some of the more common
physiological measurements are: blood pressure, skin temperature,

233 Gleason, G. W., "Bio-Instrumentation for Space Flight,"
Proceedings of National Telemetering Conference, 1960
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heart beat, electrocardiogram (EKG), electroencephalogram

(EEG), galvanic skin resistance (GSR), and respiration.

An associated group of measurements applicable

to manned spacecraft are termed "life support" measurements.

They consist of measurements of: oxygen concentration, carbon

dioxide concentration, other gases, gas pressure, gas flow, and

liquid flow. Typical over-all instrumentation requirements for a

manned orbital type space vehicle (Ref, 234) are given in table
3-6 (See Section III) .

To understand the approaches to the application of

transducing elements to physiological measurements, a brief

description of some of the bio-.signals are given. (Ref. 235)

Needle electrodes in direct contact with single nerve fibers
register about 20 microvolts. Skin electrodes over a large -t..
muscle give a wide range of less than 2 uv during practiced re-

laxation to 3000 uv in voluntary exertion. A range of 50 uv to
300 uv of signal are obtainable from surface scalp electrodes.
Eyeball electrode potentials vary from 50 uv to 3000 uv depending
on efficiency of placement. Electrodes placed just under the

eyebrows or just under the eyes may have about 25 uv or more and
can indicate eyelid response. EKG signals are relatively high from

500 uv to 2 i-nv. GSR changes on the palms of the hand and soles
of the feet can be as high as 25% following sudden mental stress.

-ýe V- .....re C - o136 r o..... muscle fiber impulse. TIM

commonly accepted frequency types in EEG are: alpha rhythm at -.

8-13 cps, normal for resting subjects with eyes closed; beta rhythm
at 14-30 cps occurring during periods of mental effort; delta rhythm
of 0. 5 to 3. 5 cps associated with extreme physical stress; and

theta rhythm appearing during mental stress periods. See Figure
2-137 indicating electrical response from human brain. Normal -,

pulse frequency is around 72 pps. A response of 0-50 cps is con-

sidered adequate heart-beat analyses. Rate of breathing is normal
at about 16 inspirations per minute for resting individuals.

Blood pressure measurements consists of two discrete •
pressure measurements; "systolic," a higher pressure, and "diastolic.B T.

234 Ellis, A. B., "An Airborne Data Collection, Telemetering,
and Ground Data Processing System for Development Flight Test
of an Orbital Type Space Vehicle, "Proceedings of National Telemetering

Conference, 1960

235 Fo d, A., Foundations of Bioelectronics for Human Engineering,

NEL Research Report 761, April 1957
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Figure 2-136

Electrical response of a single muscle fiber. Impulses ore nearly constant
in amplitude, and have a spike-like form without sinusoidal characteristics This

bioilectricol record was made by Dre. Eldred and Tokinane at the Veterans Admin-
"istration Hospital, Long Seach, California,

Figure 2-137

tlectrital responses from multiple mu"ue Ilberi, Left, stress during met ta work. Right, raoaxsiaoin
level (about 4 microvolts). From the Lehigh University Illoulectric Laboratory.

I . I

Figure 2-138 r _9

Electrical response from this human bruin. Left, alpha rhythm during relaxation. Right, brain
wave during arithmetical calculation, from the Lehigh University B.oeiectric Laboratory.
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Both must be known to diagnose properly. The best method is
cannulation--pressure measurement by direct insertion into the
artery. Practically, indirect methods such as arm cuffs, finger
cuffs, ear cuffs, and artery indenting probes are used in manned
space vehicle application. These methods are relatively awkward
and a really good, all-purpose method is yet to be developed.

In a study by Webb Associates (Ref. 236) for NASA,
the state-of-the-art for automated blood pressure measuring
devices was investigated for evaluation in choosing such devices
for application in the Mercury Program. Blood pressure devices
iaade for measurement under conditions of acti-vity exist at the
Air Force School of Aerospace Medicine, the Ames Research
Center, Edwards Air Force Base, Wright-Patterson Aeronautical
Systems Division, at AiResearch and at the Systems Research
Laboratories. All these devices make use of a microphone
pickup to detect the escape of arterial occlusion as a blood pressure
signal.

A brief description of each of these devices and its
advantages and. limitations may be found in Appendix IV.

Development studies are being carried out at the
Stanford Research Institute and at MIT using a very sensitive
capacitance pickup applied to the radial artery, which is capable
of detecting mean arterial pressure with systolic peaks and di-
astolic lows. At the Air Force Flight Test Center at Edwards
a method is being studied involving continuous measurement of

P -
pulse-wave velocity. The measured del.y between each R pulse
of the electrocardiogram and the arrival of the corresponding
pulse wave at a chosen anatomical location is related to blood
pressure, and may be most useful for following rapid transient
changes in pressure.

Heartbeat or heartrate signals can be obtained from
.cardiac -ncroph"one o• .. y be exttacted flu roin the complex

electrocardiogram waveform. The main disadvantage using a .AL
microphone pickup is its sensitivity to other mechanical vibration,
movement of clothing against pickup, and in many cases, subject
speech sounds. Proper signal conditioning (selective frequency
response) and directional isolation and shielding to gain better signal
in presence of high environmental noise is necessary in this application.

236 A Survey and Evaluation of Methods of Measuring Blood
Pressure for Immediate Space Flight Programs, Final Report on
Contract NASr-51, Webb Associates, June 1961
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In electrocardiogram (EKG) the 60 to 80 millivolt
heart measureincnts to ample potentials are attenuated to 1 to 5
millivolts depending on the location of the electrodes on the body,
necessitating the use of high gain amplifiers. Care must be
exercised in employing adequate shiielding to obtain usable signal
to noise ratios. At Boeing (Ref. 237) in instrumentation for

EKG is provided by a transistorized differential amplifier,
miniaturized to 7. 6 cm by 4. 4 cm by 1. 9 cm weighing 94 grams.
Gain levels are 1000 x and 2500 x. The frequency response is 9
uniform up to 150 cps and the the phase and gain at low frequencies
are controlled so that a step impulse of two seconds duration is
reproduced faithfully.

In medical evaluation, this amplifier was found to
give records identical to those produced with large type clinical
electrocardiographs.

In field work, electrocardiographic data taken
with the miniature instrument has been used in combination with
heart sound data (also taken with the miniaturized equipment
described in the next section) to study heart rates and phase re-
lationships of heart excitation, contraction and blood ejection. An
antero-posterior (front electrode on chest, rear electrode on back)
electrode lead is usually used to reduce the amount of noise and
base line shift which is caused by body motion and the consequent
stretching of the skin whore an unwanted piezoelectric -like effect occurs.

It is thought that analyses of the brain waves of an
astronaut can yield important information about the state of conscious-
ness, about hyperventilation and about abnormal neurological dis- -.

turbances. Low blood sugar levels and high body alkalinity and
acidity levels are thought to be ascertainable, as the existence of
these abnormal chemical conditions produce characteristic brain N"

wave patterns. --,

In electroencephalogram (EECG) easurtments a high
gain amplifier is again needed and their associated problems are
a disadvantage in space craft use. The Boeing Space Medicine Section

has medically validated a miniaturized electroencephalograph am-
plifier 10 cm by 7.6 cm by 1.9 cm weighing 168 grams. It has a
gain of 100, 000 x, a low frequency time constant of 170 milliseconds
and a frequency response up to 100 cps.

237 Edmunds, A. B. Jr., Megel, H., Bark, R. S., "Space
Physiology and Miniaturized Space Medical Instruments," National
Telemetering Conference, 1960
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Skin temperature measuremnents may be made using
thermistor devices. These should be tested for high repeatabilily

characteristics and their accuracy will depend greatly upon
mounting arrangement arid thermal insulation from external en-
vir onxnent.

The average body temperature is usually thought of

as the familiar value, 98.6'F. This value has been obtained by
averaging thousands of oral temperature readings at different

times for different individuals. A more reliable indicator of body
temperature is the rectal temperature, which is usually one degree
F Higher than the normal oral temperature. Temperatures vary
"throughout the body. Temperatures taken in any one place vary

slightly during the twenty-four hour day and also vary from day te
day. Small variations such as these, however, will only be of

incidental significance for the space medical monitor. Marked U-
elevations or depressions of rectal or peripheral temperatures
will be of greater interest.

Temperature elevations of several degrees may be 9

caused by bacterial or viral infection, emotional states, ingestion
of toxic substances, dehydration, excessive cabin or space suit

temperatures and high relative humidities. Depression of temperature
may be produced by shock, bleeding and other related types of
incidents.

Bead thermistor rectal probes have been designed

and used but have time constants in the order of several seconds.
,1 Using a thermal insulated thermistor under the arm gave readings,

which on the average paralleled rectal readings within 0. 30 C. ,.

.%

Galvanic skin resistance (GSR) measurement changes
can be interpreted to indicate mental stress or alertness, and
sweat rates. A moisture-sensing element (Ref. 238) has been em -
ployed in measurement of thermal sweat.

Respiration measurements involve rate and volume
determinations. Chest expansion devices are common and where

properly fitted so slippage discomfort are not problems, offer simple 691
measurement solution. One type employs a chest band with a spring J

Z38 Roy, 0. Z. , "An Electronic Device for the Measurement I
of Sweat Rates," IRE Medical Electronics, Vol. ME-', No. 4,

October, 1960
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return potentiometer so mounted that expansion of elastic band
moves rotary wiper arm of the potentiometer. Disadvantages arc
that a different calibration curve is obtained for each individual and
for each of his general body positions. Strain gages are also
used in chest expansion measurements. Gulton Industries Model
MF-401 respiration transducer employs a cantilevered strain
gage mounted in a face mask to be worn over mouth and nose,
to sense breathing rate and depth.

At the Aerospace Medical Division at Wright-Patterson
(Ref. 239) a small unit was designed to monitor both heart rate
and respirati6n rate. Dry silver cloth electrodes were chosen for
chest electrodes and placement selected for minimum inter-
ference from muscle action potentials. (Ref. 240). Three electrodes
were used, one ground and two for EKG voltage pickup. Since only
heart rate was being determined frequency limiting was employed
in the amplifier decreasing further the response to other signals.

The respiration rate transducer consisted of a non-
elastic chest band, with an electrolyte-filled rubber tube as the
expansion link. See Figure 2-1 39. A 1/8 inch inside diameter,
3 inch long tube, filled with a copper sulphate solution (5-101/)
was used. The tube was sealed with two pure copper electrodes at
the ends. This resulted in a completely reversable electrolytic
system for a limited operating time. (Electrolytic action on
electrodes limits operating time-ac excitation would eliminate this
factor).

The resistance range of this transducer depends on the
dimensions and on the concentration of the electrolyte. A wide
range of resistance can be made (about 300 to 20,000 ohm) for the
given dimensions with varying electrolyte concentration.

To protect the rubber tube from being squeezed when
used inside a pressure suit, a steel wire spring was wound around the
tube. The transducer is fastened to a nonelastic belt, so that the

239 Marko, A. R., Monitoring Unit for Heart and Respiration
Rate, WADD Technical Report 60-619, August 1960

240 Tolles, W. E. , Carbery, W. J. , A system for Monitoring
the Electrocardiogram During Body Movement, WADD Technical
Report No. 58-453, April 1959
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whole extension of the chest extends the tube. Normal breathing
gives a resistance change of 5 to 20 percent, heavy breathing ..
gives up to 150 percent. %'.-.

The electronic system of the monitoring unit is
shown in the circuit diagram in Figure 2-140. The first tran-
sistors (T 1 , T2 ) are of a differential amplifier stage, with a voltage
gain of 10. Simple selection of transistors for equal current S.]
provides a common mode rejection of about 300:1. The base-
to-base input impedance is 25, 000 ohms. Capacitors on the input
(C 1 , CZ) limit the lowest frequency to about 1. 5 cps for a 6-db
drop. In the second stage, the resistor-capacitor combination
(R 7 , C 3 ) in the emitter reduces the lowest frequency to 8 cps
for 6 db. This frequency limitation removes interference from
body movements and electrode rebistance changes to a high degree,
but does not attenuate the QRS complex of the EKG significantly
(main frequency about 20 cps).

A potentiometer (Pr) is located in the second-stage
collector. It is paralleled by the electrolytic respiration transducer
(Rt). The output from the respiration signal can be properly
adjusted with the potentiometer. The third stage is a feed-back

stabilized amplifier. In its collector circuit, a capacitor (C 6 )
limits the high frequency cutoff to 40 cps for a 6-db drop. This
removes interference from muscle activity poLentials. The amplifier S

voltage gain for the 3 stages is about 6, 000 over a frequency band

of 12 to 30 cps. This amplifier modulates the frequency of the
blocking oscillator (BO), producing a tone with a frequency of about
800 cps. Modulation by the QRS part of the FKG occurs in the form..

of short blips creating high or low pulse tones, depending on the

electrode polarity. Respiration causes slow shifts in the frequency
corresponding to inhalation and exhalation. The secondary windings
from the transformer (TR) employed in the blocking oscillator
deliver a signal amplitude of 8 volts peak-to-peak. This signal
can be used to modulate a standard transmitter for tele-n-etering
purposes (proper amplitude is adjusted with potentiometer (P 2 ), or
may be connected with a telephone line or tape recorder). Monitoring
heart rate and respiration rate is performed in the simplest way
by listening, or if direct recording is required, by using a special
discriminator circuit.
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C, Diagnosis and Display

Use of the telemetered' data from physiological

sensor in a space vehicle is primarily to mnonitor the physical

condition of the man to insure his safety. It also has great

documentation value for use in planning the succeeding missions.

However, during the real time receipt of data it will be analysed

to determine if the man's condition is normal or as planned, to

sense any developing conditions that could lead to harmful or
abnormal physiological functions. It is desirable that data, be
presented to monitoring console such that a meaningful indication
is given on the astronauts physical condition. Voice communication ... t

and television, preferably color, are highly desired by monitoring

physicians. More sophisticated displays and indicators are really
needed such that the many physiological measurements may be
monitored and related to each other in real time and compared to
predetermined patterns of such data to determine normality of

over-all body functions. By use of programmed measurements and

computer diagnosis (relating and comparison with stored information)
an output single indication could be given satisfying real time

monitoring operator. Deviations from normal output would be
used as error signals to indicate alarm, progranm various physiological

measurements to be made and/or displayed in greater detail and
where feasible to initiate corrective operational changes or procedures

(shift body position, alter body cooling, exert aiding pressure to

body alras, eLc.)

To supply time correlated data for computer type
diagnosis physiological sensors must be integrated with a number

of the measured parameters of the space craft imnmediate and

predicted operation. Thus as in many complex instrumentation
problems, the ability to employ real time analysis of large airounts
of related data, will return answers only available through indirect

nieasurements.

At. .. .. . .. Le Clini i........t 4' - AI I Di-. All erL

Ax and George Zacharapoulos have designed a system for high-speed
analysis of psychophysiological data (physiological reactions to

psychological states). The design goal was a practical method of
analyzing multi-channel recordings of variables such as heart rate

241 "Medical Instrumentation Today," Readout, Volume 3,

No. 4, Ampex Instrumentation Products Co. I N,
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skin ternperature, palmar sweating, muscle potentials,and so on.

These variables would be subjected to both statistical and functional

analysis with respect to each other and to specific research questions.

The system is composed of four main sections: the

physiological transducers, a 24 channel polygraph (for visual
monitoring in real time and for editing), a data logger(for converting

to digital and recording on m-agnetic tape) and a digital computer.

The Visicorder polygraph is equipped with high-gain amplifiers and

other modifying circuitry required to match the several transducers
to the system. A cardiotachometer converts the period between
heart beats into an analog voltage. Finger pulse pressure is

picked up by a piezoelectric transducer, processed by a peak detector
and hold circuit so as to present a continuous voltage for sampling

by the data logger. Muscle potentials which indicate muscle tonus
and contracticis are integrated arid recorded once per second. Bridge

circuits measure skin tempeiatures and the palm skin conductance
(as measures of skin blood flow and palmar sweating). Respiration

is obtained from a strain gage displaced by changes in chest and ab-
domen circumferene.

The transducer signals are also fed into the EPSCO
data logger. A high-speed 29 channel electronic commutator samples
each variable at least 10 times the maximum expected frequency of
the variable. For example, respiration, which might reach a max-

imumn rate of one-per-second, is sampled 10 times-per-second. The 1'7"

slowest sampling rate is one-per-second. An analog to digital (A to D)

converter accepts each sample from the commutator and converts

it to an lI-bit binary number. Format programming circuitry
enables digital recording on tape in a format acceptable to the Bendix 4
G] 5 computer for later analysis.

By enabling simultaneous consideration of data from
these various systems of the body (behavioral, physiological and
biochemical) it is hoped that more fundamental paramneters may
hr_ . . . .. ..... -A.- arc uocul fo.r esc-iuiLiig tlec eumotional and mo-
tivational systems that are disturbed in mnental illness. •.4
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SECTION HII -

TRANSDUCER APPLICATIONS ..

3-1 INTRODUCTION "-

A sizable volume could be written about the use and application

of transducers in rocket sleds, sled tracks, aircraft, missiles, satellites,

and fut ure spacecraft. In this section an attempt will be made to present

a few examples of over-all instrumentation requirements encountered in .

tests and operational flight programs. The nature of the following in-
formation ranges from generalities to specifics. Many general applications

are indicated, and operational characteristics pointed out in Section II

under associated transducer measurement fundamentals. In this Section ,

general infornmation is repeated relating to basic usage of transducers,
and where information is obtaý.nable, unique applications of transducers

and unique usage of measurement principles is reported. The aspects

of selecting a transducer are briefly discussed. Evaluation remains to

be an engineering test and analysis problem for each particular application, -

References will be noted where applicable indicating detailed studies

of instrumentation to solve measurement problems.

3--4

3-2 GENERAL

a. Selection Criteria

The selection of a specific transducer for a particular application

remains more of an art than a science because the choice between available al-

ternatives nearly always represent a compromise between desirable and undcsir- %

able characteristics. Transducer discussions in Section II have included some

of the characteristics which must be considered in the selection of each type;

however, they have not been presented in a consolidated listing. Table 3-1

presents such a list, by broad categorias, to assist the transducer user in

the analysis of his requirements and selection of transducers which most nearly

satisfy them.

Not all of the criteria set forth in Table 3-1, of course, are

applicable in every instance of transducer selection. In fact, the assessment ..

of the relative importance of the various criteria, and the extent to which each is : ]
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Table 3-1. Factors to Consider in Selecting Transducers

Factors Which Depend on the Characteristics of the Expected Input Variable:

Range (maximum and minimum values to be measured)

Overload Protection
Frequency Response

Transient Response

Resonant Frequency

Factors Affecting the Transducer Input/Output Relation:

Accuracy

Linearity
Sensitivity

Resolution
Repeatability

Frict-'n

Hysteresis/Backlash
Threshold/Noise Level.
Stability

Zero Drift
Loss of Calibration with Time

Factors Relating to the System of Which the Transducer is a Part:

Output Characteristics

Size and Weight
Power Requirements
Accessories Needed .
Mounting Requirements

Environment of Transducer Location

Cross Talk
Effect of Presence of Transducer on Measured Quantity

Need for Corrections Dependent on Other Transducers

Factors Relating to Measurement Reliability:

Ease and Speed of Calibrating and Testing -'

Time Available for Calibration Prior to and/or During Use
Duration of Mission
Stability Against Drift of Zero Point and Proportionality Constant ..-

(co ntinu Led)
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Table 3-1. Factors to Consider in Selecting Transduccrs (cont;nuation)

Vulnerability to Sudden Failure (Probability of proper performance
for a given lifc time)

Fail Safety (Will transducer failure represent system failure, or
invalidate data from other transducers?) '-

Failure Recognition (Will transducer failure be immediately ap-
parent so that subsequent erroneous data can be rejected?)

Factors Relating to Procurement:

Is Item Off-the-Shelf? Must development be done to make it
operational?

Price
Availability and Delivery
Previous Experience with the Vendor
Availability of Calibration and Test Data from Manufacturer

%.•
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N, ÷

satisfied by the available transducers, are points which must rest upon the t,4.
judgment, of the responsible engineer. Many of the items in this table are

selE-explanatory. For others, there are so many different definitions that

a fair cornparison of transducers requires careful attention to the way in

whlich each term is defined by the manufacturer. Typical of thl. ire such .(,".

items as accuracy, resolution, and linearity. This problem area has re--

sulted from the fact that standard definitions have not been established and
adopted by both users and manufacturers. However, within the next year or
so, it is expected that standard nomenclatures and definitions will be prepared."-
and accepted through coordination between major u;3ers and arnufacturers

b, Mounting Considerations

A fundamental. question which should be kept in mind when

considering a transducer for a given application is "will the transducer out-

put really correapond with the physical quantity which is to be measured?"

To some degree, the addition of a transducer will affect the.
behavior of the system itself. For example, insertting a fiowimeter into a line
will normally introduce additional fluid friction, which will result. in an alter-

ation to the flow rate. Similarly, the attachment of a vibrationi pickup to a
thin plate may alter the natural frequency of the plate, and hence its response

to certain vibrations. Finally, a temperature probe attached to a surface con-
stitutes a local thermal inertia which may tend to snmooth out the temperature
variations wn-tch would otherwise be sustained. To be sure, with proper pre-
cautions, th'. alt:oration which the transducer imposes on the measura:-tnd can
usually be n:ri-de negligibly small, and this is often. precisely the obligation on

the system engin4-er.

In some cases, the "feedback" into the physical system from,
the transducer ij not objectionable. Thus, if the flowmeter of the above example
is to e. pre.senL.. Ž- h. instance of the physical syst... (.. g. , as parL of a con-

trot loop) thci i,s effect on the system is simply a systemn design parameter,
and n-st a souvree of measurement error. On the other hand, where the transducer
is inserted in only one model (as for test purposes), one must be careful in ac-

cepting the mneasured results as being representative of the performance of other
models without transtlucers.

Even where feedback is of no concern, serious me asurement

errors can re-ult from improper mounting of transducers. While it is imprac-
tical to attempt to set up mounting criteria for all types of transducers, the
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following questions point out certain common pitfalls of transducer installa- ,.,,
tion:

1. Acceleration and Vibration: Is the accelerometer ,

or vibration transducer rigidly attached to the mass
whose acceleration or vibration is to be measured?

2, Pressure: Is the pressure transducer at the end of
a connecting cavity or tube whose added path length
can cause transient errors, standing waves or a
hydrostatic pressure difference? In pressure mea-
surement of moving fluids, is the presence of dyna-
mic pressure accounted for?

3. Flow Rate: Is the flowmeter protected against
jamming by solid particles entrained in the fluid?

4,. Temperature: Does heat flow through the transducer
to or from the environment to the extent that a signi-
ficant temperature differential exists between the
transducer and the material whose temperature is to
be measured9 Are the junctions between thermocouple .--

wires and attached leads always kept at equal tempera-

tures? If the measured temperature is that of a moving
fluid, are the stagnation effects accounted for? Does
the transducer exchange radiation with walls which are
at a different temperature from the fluid?

5. Voltage and Current: Do slip rings or other commuta-
tive devices introduce noise voltages which are signi-
ficant with respect to the signal? Are coils in resist-
ance thermometers, galvanometers, magnetometers,
etc. adequately shielded from extraneous magnetic fields
emanating from other equipment?

Prior to implemnenting a measuring system the engineer must ask
himself numerous questions like those listed above so as to minimize the chances
of wasted time and funds which could be directly attributed to a lack of engineer-
ing forethought. "-
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C. Environmental Effects

A knowledge of the transducer's output characteristics

while exposed to a laboratory-type environment cannot be used to corn-

pletely predict its suitability for the intended application. From previous

telemetry records, or extrapolations, or theoretical analysis, the engineer

must list the types and ranges of environments to which the transducer will

be exposed. Further, he must take into account their durations and the t q
magnitude versus time profile. In many instances, he can only estimate

these parameters, and may later find such estimates to be off by 100% or

more; nevertheless, it is essential that he begin with an estimate which is

based on something more than pure intuition.

After establishing a set of environmental conditions, it be-

comes necessary for the engineer to make decisions, based on his experience

and an awareness of results from other test programs, regarding the sub-

jection of transducers to simulated environments in the laboratory. If it is a -

question of evaluating the transducer from the standpoint of drift, hysteresis,

noise, etc., or testing it to destruction, he has a choice of whether or not to

carry out such tests. However, if he is striving for accuracy in meass urement

during a missile flight, for example, he has little choice but to run the trans-

ducer through the simulated environment so as to prepare a calibration curve.

Once he has assured himself that transducers of a certain type, batch, or manu-

facture, are consistently identical in environmental effects, lie may elect to "

run calibrations only on random samples. Such procedures are, however, gen-

erally applicable after the missile program goes into a production phase. They

are not suited to research and development programs.

The selection and simulation of environments is a major engi-

neering function within all organizations which are designing aircraft, missiles,
space vehicles, and rocket sleds. In particular, the simulation of combined
environments is taking on greater and greater importance as more is learned

from telemetry recordings and laboratory investigations. Some facilities can

provide combined temperature and vluraLluin tests, and other combinaiiont will

shortly be available (See Section V).

The transducer engineer must have an inquisitive mind. He

must explore for the "not obvious" and investigate what he considers to be possi-

ble areas of difficulty- in the final application. For example, the dynamic res-

ponse of an oil-damped accelerometer may be as advertised by the manufacturer

providing that it is vibration tested with the sinusoidal force exerted in a direction
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parallel to both the earth's gravity vector and the sensitive axis of the accol-
erometer. However, the dynamic response may change radically if the ac-
celerometer is turned on its side so that the gravity vectoi is perpendicular
to the direction of the moving mass within the accelerometer (sensitive axis).

In the latter case, the accelerometer is vibrated horizontally so that the sinus-
oidal force is still applied along the sensitive axis. Another case is that of

pressure transducers which are exposed to high-level acoustical noise. Where
such noise is expected, and sensitive pressure measurements must be accom-
plished, the engineer may discover that he is highly limited in his choice of
transducers or he may elect to investigate the performance of certain other
transducers when exposed to noise. Another consideration with which the tele-
metry engineer is being confronted more often is that of the radiation resistance
characteristics of transducers. With the discovery of the Van Allen belts and
forthcoming nuclear propulsicn systems, the engineer must familiarize himself ...- ,

with radiation terminology, effects on materials, testing techniques, and test

facilities.

d. Operating Time

Depending on the type and purpose of the vehicle, the "mission
time" may range from a few seconds to years. In the case of those with very
long mission time, this w:ill constitute the greatest percentage of total operating -
time required of the transducer. For short mission time vehicles, such as
ballistic missiles and rocket sleds, the required total operating time with satis-
factory performance will be much greater than the mission time.

In the case of sleds, some of the transducers are not considered
to be expendable and must be used for numerous repeated tests. Further,
operating time will be consumed by calibrations and normal pre-run checkout

procedures.

The actual flight of a ballistic missile may be preceded .. ..by lit-
erally hours of operational time requiring stable and reliable transducer per-
formance. Upon delivery by the manufacturer, the transducer may undergo
incoming electrical tests by "4 ncoming inspection" personnel. Following this,
it may receive electrical and environmental tests prior to installation in the
missile. Missile checkouts at the factory require overall telemetry testing on
more than one occasion. Following an initial factory checkout, the missile may . -

be shunted aside to await repairs or installation of other components. Prior to
its shipment, it would be given a final checkout. Upon arrival at the missile
test range, the vehicle generally receives another series of tests while in a
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horizontal position in the contractor's hangar. Erection at the launcher is
followed by one or more tests against console checkout equipment and the
ground-based telemetry system. Firing "holds" may necessitate additional
checkouts before the launch actually takes place.

The engineer must take into consideration the duration of

operating time which the transducer will be subjected to. At the beginning, he
may realize that the transducer which he must utilize has a life-time which is ,-A

short of the requirements. In this case, he may have no choice but to procure
test, and calibrate extra transducers which are shipped with the missile as
replacement components.

3-3 AIRCRAFT APPLICATIONSri

a. General

Operational aircraft utilize numerous transducers which enable
the pilot and flight engineer to adjust controls, evaluate safety conditions, and
determine distance-to-go capability. Many of these transducers are not consi-
dered herein since they are not intended for telemetry purposes. Others,
although not used on the aircraft as telemetry transducers, are useful as trans-
ducers for telemetering purposes (e. g., air speed, rpm). Still other transducers
Prp iaPl in r-nniunrtinn with qirhnr-ni- irnuer_ fnr? ýrnrnniit% Mach nu-mber and
distance-to-go.

Transducers are employed quite profusely in drone aircraft and
test programs for the development of new aircraft types. For example, engine
measurements may run as high as sixty during a given flight.

The following paragraphs present only a small portion of infor-
mation which could be written concerning the applications of transducers in air-
c raft.--•

b. Examples of Applications
-4

Tables 3-2 and 3-3 present some measurements, measurement
ranges, accuracies, operational time, and outputs of transducers used on drone . .
aircraft and test programs for jet fighter aircraft. Since this information was
received from single sources, it cannot be said to be typical and, in fact, it is -'.n
questionable that a set of typical conditions may be set forth. Although the
types of measurements may be common to many programs, the ranges,
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accuracies, and operational times will differ because of differences in
mission requirements which are reflected in aircraft operational capabili-

ties, such as maneuverability, fuel consumption, air speed, etc.

c. Temperature Measurecments (Ref. 242)

(1) Ambient Air Temperature t-j
The ambient air temperature T, which is one of the

main parameters in performance flight testing, is the ten-i- rature which

would be measured by a thermometer which is at rest relative to the ambient j
air. If, as is the case for a thermometer attached to an aircraft, the ther-
mometer is moving through the air, the measured temperature Tm will be
higher than this ambient air temperature.

The magnitude of this temperature rise can easily

be calculated if the thermometer is placed in a stagnation point on the aircraft.
At these points, the air is brought to rest by a very nearly adiabatic process
and the resulting temperature Ts (stagnation temperature) may be calculated
by use of the following equation:

v 2  y-l./
Ts =T T (1 + MZ) (3-1)

?rg P

where

T = ambient air temperature ]
V = true air speed

cp = specific heat of air at constant pressure

g = acceleration of gravity

7Y ratio of specific heats at constant pressure
and at constant volume

M = Mach number

Z4Z Pool, A., "Temperature Sensing Techniques, AGARD Flight Test
Manual, Vol. IV, Part IIA4, pp. I1a4:4 -IIA4:8. .. '--I
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At all other points of the surface, the temperaturc
rise will be lower, because of no adiabatic processes in the boundary layer.
Since both stagnation points and boundary layer will be present on the ther-
rnornetor body, the temperature Tm measured by the thermometer will
have some intermediate value between Ts and T. This is expressed by

VZ '- .

Tm =T+e(T - T)T +E =V T (+eY 1  M2) (3-2)

2Cpg 2

The coefficient c is called the recovery factor of

the thermometer. It has been shown both theoretically and experimentally
that for a flat plate placed at zero incidence in an airstream, the recovery
factor is independent of Mach number, pressure, etc. It is only affected by
the stage of the boundary layer and has a value of 0. 85 if the boundary layer
is laminar and of 0. 91 if it is fully turbulent. If other shapes of the thermo-
meter body are used, or if the plate is at some incidence to the airflow, the

recovery factor will change with Mach number and pressure. These effects
are generally small for low subsonic Mach numbers.

When the recovery factor is known, it is possible

to calculate the air temperature just in front of the thermometer from the
measured temperature Tnm and the Mach numb er or true airspeed just in
front of the thermometer. This recovery factor can be determined by wind
tunnel tests.

In connection with flight testing, the term recovery
factor is defined in a slightly different way. It is the factor which makes it
possible to calculate the ambient air temperature if the measured tempera-
ture and the true airspeed or Mach number of the aircraft are known. These
two recovery factors rrm ay differ appreciably if the local true air speed Vt
at the point where the thermometer is pli.ced is not equal to the true airspeed

* ~of the aircraft V. The change of state from V to Vt occurs by an adiabatic
process, the measured temperature Tm is derived from the local state of the
air by a nonaqrlinhafni rnrocs-s.

It can be shown that the "flight test" recovery factor
C' is related to the recovery factor c determined in the wind tunnel by

Vt 2
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If c is appreciably less than unity and if Vt differs

from V, the difference between c and E' is considerable. In such cases, it'a

is essential to determine E in actual flight. w.

In flight testing aircraft which do not fly faster

than about M = 0.5, the normal thermometer placed in the airstream is

generally used because of its simplicity. The recovery factor is determined

by flight tests. No accurate knowledge of this factor is necessary at these 01

low speeds. For an aircraft flying at 200 kts, the temperature rise will be

approximately 5*C. If the ambient air temperature must be known with an s---"

accuracy of ±-IPG, the accuracy required in the recovery factor is ±20%.

The sensing elements used are nearly always re-

sistance thermometers shaped as a flat plate or a tube. To insure rapid
response, the resistance wire is usually in direct contact with the air. It is
however, surrounded at some distance by a shield which prevent heat radia-
tion effects.

At higher airspeeds, the accuracy with which the

recovery factor can be determined becomes too low for the accurate calcula- '-

tion of the temperature correction, which rises to more than 40°C at M=l.

At those speeds, stagnation temperature probes are used, in which the sen-

sing element is mounted inside a stagnation chamber which is open in the
diU-•cliu• of flight, so that it is fully surrounded by air which is very nearly
at stagnation temperature. Recovery factors of better than 0. 99 can be attained
by careful design. Special care must be taken that the heat losses from the
stagnation chamber by conduction and radiation are very small.

Resistance thermometers are often used in stagnation

temperature probes, but they have the disadvantage that they dissipate a rela- -•

tively large amount of heat into the small stagnation chamber. This must be A
taken away by a larger amount of flow through the chamber. Therefore, ther-

niocouples are sometimes preferred because they produce much less heat. A "

great advantage of the stagnation therr•nometer is hlint the diffefrence e e4,
"wind tunnel" and "flight test" recovery factors becomes negligible (See equation

3-3 for c -- 1), so that the recovery factor can be determined once and for all by

any one of the available methods. It should be noted here that equation (3-2) ap-
pliewvs in souceSbsonicbyandthsupersoniarcrat flows, even if the probe is placed behind shock i'..("i

waves produced by the aircraft.3

Large errors may result from using the two above-

mentioned types in air supersaturated with water vapor (so that water may con-

dense on the sensing element) and under icing conditions. Normal flight tests "
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will hardly ever be executed under these circumstances, but they will pre-

vail, e. g., during tests to study ice accumulation on aircraft. In these
cases, a reverse-flow thermometer may be used. This is essentially a '. '

reversed stagnation temperature probe which is open to the wake behind the
instrument and in which a small flow is induced in a direction contrary to
that of the main flow around the aircraft. The probe has a low recovery
factor (about 0. 65) which is not very constant, but it has been found to func-
tion well even under extreme icing conditions.

For all previously mentioned types, the ambient
air temperature has to be calculated from the measured temperature, the
Mach number and the recovery factor. The vortex thermometer, however,
can be adjusted to indicate the ambient air temperature directly. In this .-•
device, the so-called Ranque-Hilsch effect is used, which states that the
temperature in the core of a vortex decreases with increasing speed of ro-
tation of the vortex.

The probe consists of a tube placed perpendicularly
to the flight direction, in which a vortex is generated by introducing stag a-
tion pressure through a tangentially placed intake. By changing the surface
of the intake hole, the speed of rot ttion can be adjusted so that the axially
placed sensing element indicates ambient air temperature.

(2) Temperature Measurements in Engines bow

Temperature measurements in reciprocating
engines are hardly of importance in flight testing. Cylinder head thermo-
meters of the thermocouple type (usually copper-constantan) are used to,'"
check engine cooling, but are not essential in the assessment of aircraft per-
formance and stability. Ambient air temperature, the measurement of which
is discussed in the previous paragraphs, is the only temperature which in-
fiuences engine performance. .

In turbine engines, the tempe ature of the combus-
tion gases in the jet pipe is of primary importance both for the engine control

-' and for the determination of the engine performance. The measuring problems
encountered here are similar to those of ambient air temperature measure-
ment in that the thermometer is exposed to a high-velocity gas stream; however,
there are some complications, as follows:

(1) The temperatures encountered are very
much higher (of the order of 10000 C in
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normal jetpipes and up to 2000 C in
afterburners).

(2) Radiation, which increases with the fourth L
power of the absolute temperature, re-
duces the attainable accuracy.

Because of these facts, thermocouples usually of

the chrornel-alumel type, are universally used for these measurements.
Thermocouples used for the control of the engines are often simply placed "
in the gas stream, and engine performance is given as a function of the in-

dicated temperatures0  For the accurate assessmrent of engine performance
in flight, however, the true temperature of the gas stream must be mea-
sured so that recovery factors, radiation losses, and time constants of the __-_

instruments used must be accurately known. A large amount of research
is being expended on the determination of recovery factors and time constant
of suitable probes. Radiation shielding is achieved by using multiple metal
or ceramic shields.

(3) Measurement of Surface Temperature

An important part of the flight testing of modern
aircraft is expended on temperature measurements all over the aircraft,, -

The strength of the main structure may be endangered by conduction or radia-

tion of heat from the engines or the armament, by the impingement of engine
jets on the luselage or tail skin, and by aerodynamic heating of the aircraft
skin at very high Mach numbers. Moreover, the large electric currents in
electric and electronic accessories may also produce so much heat that their -
service life is dangerously shortened, In most of these cases, surface tern-
peratures must be measured to determine that the limits of safety are not being
surpassed. ,

Sensing elements for these purposes must meet the
following demands;

(I) They must be in very good tthermal contact
with the parts whose temperatures are to
be imieasured.

(2) They mist be effectively shielded from ra-
diation and from airflovs which are the cause
of the high temperatures.
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(3) They must neither weaken the structure to "
any appreciable amount nor disturb the air-
flow around it.

The construction of the sensing elements largely
depends on the shape of the structure and on the environmental conditions.
Both resistance thermometers and thermocouples are extensively used.
Thermocouples have the advantage that they may be brought into direct
metallic contact with the structure if suitable precautions are taken in the
ne asuring circuit. Shielding can easily be provided by pieces of asbestos
cloth or similar materials glued to the sensing element.

A very convenient method which may produce very
good results is the use of paint or crayon streaks which change color or sub-
stance when heated above a certain temperature. Maximum temperatures
can be indicated in this way at intervals of about 50 C, in the range of about
50 - 150°C, and at greater intervals up to about 800°C.

(4) Thermostat.--

Many instruments require a constant temperature
if accurate results are desired. Examples are piezoelectric transducers .'-
(barium-titanate), the sensitivity of which changes appreciably with tem-

perature, and instrunments using oil as a damping medium, the viscosity of
which varies with temperature. These instruments may be enclosed by an
insulating case in which a constant temperature somewhat above the highest
ambient temperature is maintained by an electric heating coil controlled by
a thermostat.

The most generally used type of thermostat is a
device consisting of a bimetal strip which closes a heater circuit when a tern-
perature falls below the preselected value, and breaks the circuit when this
temperature is exceeded. For aircraft applicatitns, birnetals with snap
action are often used, in which contact is made or broken by a quick and re-
latively large displacement of the moving contact surface. In this way,
contact chatter due to vibrations at near-contact temperatures is prevented, -

so that contact wear and radio interferenace are much reduced. A disadvan-
tage of this type is that there is a small difference between the temperatures
at which contact is made and broken so that temperature constancy generally
is less than in the normal type.
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3-4 MISSILE APPLICATIONS

a. General.

Missile measurements by way of transducers and telemetry
systems may be divided into the general classes shown in Figure 3-1. Each
of these classes involves a large number of individual types of measurements. I.

ENVIRONMENTAL PROPULSION
MEASUREMENTS MEASUREMENTS

ATTITUDE AND FLIGHT SEQUENCE
TRAJECTORY MEASL, 1EMENTS -
MEASUREMENTS___ _____

SPECIAL
MEASUREMENTS

Fig. 3-1. Missile Measurements

For example, propulsion measurements include fuel level, fuel quantity,
flow rate, fuel temperature, tank pressures, fuel pump pressure, motor
chamber pressure, thrust, coolant temperature, turbine rpm, flame
shield temperature, currents through solenoid valves, and many others.
Furthermore, each measurement type may involve two or more ranges
which must be instrumented by individual transducers. By way of exam-
pie, Table 3-4, and Figures 3-3 and 3-4 are presented to show some
transducer applications in aerodynamic and ballistic missiles.
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As explained in the introduction to this section,
"it has not been possible to compile, write and edit a thorough text on 41
transducer applications. Jhe following material is limited in scope in
that it applies primarily to some of the work which has been carried out
by the Army Ballistic Missile Agency.

b. Environmental Measurements (Ref. 243)

"(1) Temperature

Four principal temperature measurement areas
normally required are: (1) surface or skin (2) temperatures resulting from
rocket engine exhaust (3) propellant, and (4) ambient air at various criti-
cal points within the missile. Four types of gages may be used for tern-

- nerature measurements: resistance thermometers, thermistors, thermo-
couples, and thermopiles.

(a) Resistance Thermometers - -

"Early in the history of telemetry, resis-
tance thermometers of platinum wire with ceramic backing were used
where low-range surface measurements were required. The adapters
"used to convert outDuts to values suitable for telemetry were very crude.
There was no amplification, and only deflection-type Wheatstone bridge
circuits were used. Where temperature ranges were high, special types of
resistance thermometers were required. These were usually very fragile ,

"2 and difficult to work with, and many temperature ranges could not be covered
adequately.

While the resistance thermometer was help- f.1

"ful in obtaining certain measurements, its use was limited to temperatures
below 800 G. Its fragility was a definite problem; however, resistance
thermometers are still widely used to measure aerodynamic heating effects.

"* For measuring skin temperatures, they are generally made of nickel wire ,
a little larger than 0. 001 inches in diameter. Some are backed with silicone
rubber and are simply clamped to the missile skin. The upper limit of
measurement for this particular device is about 5000C because of the tern-
perature limits of the insulating material. .4

Z43 "Measurement and Telemetry Systems for Missiles, " Army Ballistic
"Missile Agency, Vitro Engineering Co., Report No. 2331-Z-59, pp. 8-17.
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TANK DIFFERENTIAL -

* PRESSURE TRANSDUCER

ENGINE PERFORMANCE-
TELEMETERING PACKAGE PRESSURE' TRANSDUCER

FulRto(Propellant Motion)
Fujel Ratio
Combustion Pressure

Turbine Presasure
TANK LEVEL TELICMETERINC 5

TRANSL.ATOR
ACCELERATION PACTOR TE LEiImFTFRING

LINEAR TRANSDUCER ýSustainer -TRANS I.ATOP
Actuator Autopilot Feedback) TEMPERATURE TFLEME'TERING

TRANSLATOR

ROTARY TRANSDUCER (Vernier
Actuator Telerretering Pickoff)

-. PRESSURE TRANSDUCER

(Propcllant Motion)
TANK DIFFERENTIAL PRESSURE -

TRANSDUCER (For Contri Console
Indication or Readout and Telemeteringi ENGINE PERDFORMANCE TELF1MET7ERING

I NIPAC(ACEIn"R

TELEMETERING PACKAGE (BoosterFulaoTemtrig (u)
* 1.L Vernier Actuator Position) Fuel Ratio Tcleonetcring (sdar

Booster Pitch Telemetering Tranulator obsirPo tr

* Booster Yaw Telemetering Trnnslator
Vernier Fitch Telernete ring I ranslacor )
(from lineatr transducer) ROTARY TIIANSDUCEI' (Pro1 ,oliant

Val-,c Pickoff)

PRESSURE TRANSDUCER (Autopilot-
Actuator Feedback Damping) rROTARY TRANSDUCER (Booster/ imbal Pickoff, Ground Monitoring)

* PRESI URE TRANSDUCER

-ROTARY TRANSDUCER (Gimbal

*ROTARY TRANSDUCER (Valve Auton)ilot Feedback)

* Position Pickoff)

LINLAR TRANSD)UCER (Vernicr
Ground Meornit~oring Ios tiot ue otat;-)t

5 .T?4EARI TR AMýDUTCtE5 (V-nrru.-

Actuatoi Serve :'ickoff)

L.INEAR TR1ANSDUCER (Vet nier

Actuator Servo Pickoff)
]ROTARY TRANSDUCER (Control

Surface lPiclkofE)

Fig. 3-4. A Typical Missile Configuration Showing Representative
Applications of Transduc.:,rs
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(b) Thermocouples

The low output voltage from a thermocouple
requires amplification before it can be used as an input signal to the air-

borne telemetry systern. Amplification may be accomplished through use "-1
of dc amplifiers or chopper-amnplifiers. These intermediate circuits are

often called "signal conditioners. " How.:. •r, it should be noted that this
terminology applies to all types of circuits which are used to convert trans-
ducer output signals to -a form (e. g. , voltage level, ac to dc conversion,
etc. ) which is compatible with the input requirements of the telemetry sys-
tern.

Thermocouples are normally used where the

temperature change will produce an output large enough, after being amnpli-
fied, to cover the 0-5 volt dc range of the telemnetry system input. Normally
this means temnperature spans greater than 300t. An example would be tern-
peratures measured on missile skins subjected to aerodynamic heating.
Thermocouples used for this purpose are welded directly to the skin.

The use of thermocouples for missile tern-
perature measurement involves the choice of a location for the reference

or cold junction, which must preferably be at a low fixed temperature, to in-

crease the over-all range of the device. This is done very easily in the
laboratory by placing the reference junction in an ice bath. This is obviously
impractical for missile applications. To solve this problem, ABMA developed

the "zone box" which is a device for providing an artificial reference junction
temperature for each thermocouple and eliminates the use of long thermocouple
leads.

(c) Thermopiles ,__

In some cases, the output of a thermocouple, "' ""

even after amplification does not have an output in the 0-5 volt range necessary "'A:
for Co_-nratnb1-y ,wit-h- thc tclcrnctry system. With a thermopile composed of

two thermocouples, it is possible to get tvice the output of a single thermo-
couple. Thermopiles, however, cannot be used if the thermocouple junctions
are joined to the m~issile skin. In such an instance, a resistance thermometer ",

is often preferred.

(d) Thermistors

Thermistors are thermally sensitive resistors

that exhibit a resistance change of about 4% per degree Centigrade at room
temperature.
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The high temperature coefficient of ther-
mistors, about ten times that of typical metals, makes these devices use- i ,

ful for temperature measurement. The temperature coefficient of a ther-
mistor is negative; that is, the resistance of a thermistor decreases as -.-

temperature increases.

Thermistors are particularly useful to
cover narrow ranges of measurements at extreme temperatures, such as
those of LOX, which normally vary from minus 185 to minus 170'C. At .
these temperatures, thermocouples and resistance thermometers do not . .

have sufficient output after amplification for the 0-5 volt measuring range.
Fuel and air conditioning temperature measurements also require the use - .
of thermistors. .A

(2) Vibration

Transducers which are commonly used in missiles

for the measurement of vibration are the unbonded strain-gage type, the

piezoelectric type, and the velocity (magnetic) type.

(a) Unbonded Strain-Gage Vibration Transducer

,jne type of strain gagc tra0nsducer is shown
in Figure 3-5 wherein four equal length strain-sensitive wire filaments are
attached between a stationary frame and a movable mass. The filaments
are connected to form a Wheatstone Bridge circuit as shown in Figure 3-6.

A - AVV~vWv -:.::

MASSC "A/VA /V .:-.-

-D

AXIS OF
MOTION

Fig. 3-5 Strain Gage Vibration Transducer
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BIAS

VOLTAGE

AMPLIFIER VOTG

Fig. 3-6. Strain Gage Circuit

This transducer is used to sense tow-frequency
vibrations within the range of 0-300 cps. When the mass is at rest, the bias
voltage causes a 2. 5-volt output of the amplifier. The bias is necessary to
prevent the transducer's output from going negative, because the direction of
vibration is both plus and minus.

(b) Piezoelectric Transducers

This self-generating transducer type is used to - -

measure vibrations in the approximate range of 10 cps to 2 kcs. They have a -

high output impedance and a cathode follower is necessary for impedance .

matching purposes. The application of piezoelectric material in cantilever
beam construction had been used to develop an extremely light weight low '.

cost vibration transducer (Ref. 244). Barium titanate crystals were erm-
ployed and final design yielded a device of approximately 0. 35 gram using ,-' c.
adhesive cement type mounting, and having sensitivities in the 4 mv/grange 3

Linearity was within a 10% variation and indications of easily obtaining 2%1
or less variations. Repeatable frequency response of ± 1. 5 db were obtained.
Lead zirconium was also tried for high temperature applications.

Z4,1 Smith, Thomas D. and Spence, Harry R., "Designing a Lightweight He
Vibration Transducer." Parts 1 and 2, Electronic Industries , January and
February, 1961. -.
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(c) Velocity Vibration Transducer

This transducer type is used to measure vibra- 7"-1
tion frequencies between 10 cps and 2 kcps. As compared with the accelero-
meter type devices which are dependent ofn the magnitude of the displacement,
the velocity type sensor is dependent of the frequency. A wire wound core is
placed between two permanent magnets. As its case is vibrated, the core and -

wire move back and forth, cutting permanent magnetic lines of force set up by . ..

the magnets and inducing a voltage in the coil wire. The output voltage is then
calibrated against the vibration frequency. This device does not require a " -
separate power source since the voltage induced in the wire is caused by the
magnetic field of the permanent magnets.

c. Propulsion Measurements (Ref. 245)

Some of the transducers which are used in propulsion
measurements are flowmeters, flowmeter converters, pressure transducers,
pressure switches, continuous and discrete liquid level transducers, and
accelerometers. The operating principles of several of these transducers
are given in Section II of this volume. -

A thrust measuring system for aircraft engines has
been designed by Schaevitz Engineering (Ref. 246, 247) from the measurement -

of engine exhaust nozzle pressure ratio. The system is intended for installa-
tion in aircraft and gives a continuous indication of gross thrust, both on
ground and in flight. It consists of three major components: a servo-driven
indicator, an analog computer and a pressure probe set. The computer
receives exhaust nozzle inlet pressure, and ambient pressure from an
altimeter line or other source. From these inputs it computes gross thrust, *.

producing an electrical signal output to drive and position the indicator. A
pressure rake is installed in the engine to obtain nozzle inlet total pressure -

averaged across the exhaust gas flow path. Theory of operation and cornpu- '
tational analysis on the Thrustmeter Systemn is presented in detail in the
Appendix IV-3 Thrust Fundamentals.

245 Same as Ref. 243, pp. 23-29 .

246 System, Thrustmeter, Aircraft Engine, WADO Technical Report ''
No. 53-30Z, November 1953

247 A Flight Thrustrneter for Turbo-Jet Engines, Schaevitz Engineering
TR-100, November 1961 -
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(1) Flowmeter Gonvcrter

In the turbine type flowmeter, the output .
signal is usually in the form of electrical pulses or a sinusoidal voltage
whose frequency is proportional to the flow rate, For normal flow rates,
the frequency may be 300 cps or greater. Because of the large amount of data
which must be carried on high frequency channels, it is sometimes desirable -.

to use a lower frequency channel for flowmeter signals. In such cases, an

electronic count-down circuit may be used to lower the frequency to the - -

desired value.

(2) Pressure Transducers

Many pressure transducers used in connection
with propulsion measurements are Bourdon-tube type pressure transducers.
They are used to measure pressures ranging from 100 to 3500 psig. Pressure
measurements below 100 psi are often made with a capsule type transducer. A
lever attached to the movable end of the tube or capsule actuates a wiper sweep-
ing over a standard 5-volt wire-wound potentiometer, thus giving a dc output
corresponding to the pressure. Since this measurement does not require
a high frequency response, it is the most direct method of obtaining the pres-
sure information.

(3) Pressure Switches

In many cases, a spiral type Bourdon tube is
used in pressure switches to obtain a large actuating force per unit pressure. ,.. .-*
The spiral normally has 4, 6, or 8 turns,, depending on the actuating force
necessary. When the pressure attains a predetermined value, the Bourdon
tube opens ot closes a relay which in turn energizes some other device such
as a pressure regulator. Only the opening or closing of the relay is teleme-

tered: and as this is an on-off type measurement, it is normally superimposed
on another measurement.

S. aq u T -veT .. . I aA t tdtJ.

One of the ABMA methods of continuous level
measurement, uses a transducer consisting of a long cylindrical capacitor
open at both ends and standing on end in the liquid, which serves as the di-
electric. The gage forms one leg of a balanced bridge. As the liquid level
falls, the total dielectric value changes and the bridge becomes unbalanced.
The unbalance signal is amplified and transmitted to a servo motor which
drives the balance potentiometer and continuously re-balances the bridge.

The output is in the 0-5 volts range for telemetering.
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Figure 3-7 depicts a discrete point liquid level
measuring installation using an optical system similar to that described
on pages 175 -- 177 of this volume (Ref. 248). ,

As previously discussed in SecviJ..:, t1 under
Thrust Measurements, many propulsion relationships involvc acceleration
measurements. A performance report (Ref. 249) evaluated a typical "
linear, seismic type accelerometer. The instrument tested was the
Donner Model 4310. This device is comprised of a seismic system, position- .

error detector, restoring mechanism, and servo-error signal amplifier.

This type device is small., moderately accurate,
low power consumption and readily available. Tests indicated adequate
operation for many missile and space applications to measure acceleration, L -wj
velocity (integrate output over a period of time for trajectory calculations, "
sensing pre-set acceleration levels to generate a shut-off signalfor control
as well as indication of performance of rocket engines. :g..&.,

- ACCELERlATION •R••

interest to aerospace iistru- EXCITATION

mentation is the application
of the photoresistive techni- J1
que to produce a high output K "
accelerometer. (Ref. 250)

signed such a device with a
*microminiature light source, C,,Lrs PHrO-" " -

a can.lever pendulum acting _ MAT.JAL

transistors. Fig. 3-8 OUTPUT

illustrates the operating ,
principle. Figure 3-8 Accelerometer -Data Sensors, Inc.

248 Same as Reference 168, pp., 8-18

249 Judge, H. R., Performance of Donner Linear Accelerometer --- 1
Model 4310, Space Technology Laboratories, Inc., STL/TN 6.0000-09117,

June 1960 ..

250 "The Photo Transducei-A General Description", Data Sensors, Inc.

Technical Bvlletin
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An excitation of 10 volts will produce a +Z.5 volt or I. 0
0-5 volt signal for operation directly into telemetry systems. Excitation
voltages as hiigh as 100 volts may be used to obtain higher output signals.
Units have been packaged in as little as 1.3 cubic inches, weighing approx-
imately 2 ounces. Extremely small movement of cantilever pendulum acting
as a shutter to modulate light results in reported high natural frequency
characteristic and very low (0.25%) hysteresis figure.

d. Angle of Attack Measurements (Ref. 251)

Attitude is measured by angle of attack transducers.
Three types are the free air stream type, local drag vane type, and the S
local probe type.

(1) Free Air Stream Type

The free air stream type transducer is mounted
on a boom at the top of the missile. This device has four vanes which
keep the probe aligned in the air stream. Because this device is located in
the free air stream it is unaffected by turbulence which exists around the
body of the missile during flight. The vanes are attached to a universal
mounted ogive. When the vanes are displaced by wind forces, two wipers
move across two potentiometers causing the outputs to vary accordingly.
Pitch and yaw may be accurately determined by using this device. In
some cases, a static probe is used at the front of the free air stream type
meter to determine the static air pressure. Data for one such transducer
is included in Volume II of this Handbook.

2-.J
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(2) Local Drag Vane Type 9

This type of angle of attack transducer has a
vane at the end of an arm which is mounted so as to be in the airstream.
around the nose of a missile (See Volume II of this Handbook). A po-
tentiometer or synchro may be mechanically linked to the arm to give
a signal which is proportional to the angular displacement of the arm. "

(3) Local Probe Type

Local probe angle of attack transducers are
normally flown in groups of four: two for yaw and two for pitch. They
consist of a probe having two slots placed 800 apart. Differential pres-
sures between each of these slots is a result of the angle of attack.
Pressure is directed into these slots, and fed into an inner chamber di-
vided into two parts by a butterfly valve. If the pressure increases in
one slot and decreases in the other, a differential pressure exists on
each side of the butterfly valve. This valve moves until the pressure on
both sides are equal and the 800 slots on the probe are again lined up in
the air stream. The motion of the butterfly valve and probe is converted -. -

into an electrical signal through a potentiometer wiper connected to the
shaft of the valve.

3-5 TRANSDUCERS FOR RE-ENTRY BODIES (Ref. 252)

The transducers discussed in the following paragraphs have been
recommended in the above listed reference for use in re-entry bodies and
other high-speed vehicles wherein high temperatures are encountered.
Some of the devices are still in the development stage while others have
been proven satisfactory in high-speed flight.

. z__._i*eraLure Measurement

For high-speed vehicles, the Tungsten-Irt thermo-
co iple is suitable for the measurement of stagnation temperature and a
thin metal resistance thermometer may be employed for surface tempera-.
ture measurements other than stagnation.

252 Wacholder, B. V. and E. Fayer, Study of Instrumentation and
Techniques for Monitoring Vehicle and Equipnment Environments at High
Altitudes, Radio Corporation of America, WADC TN 59-307, Vol, III,
pp. 33-45.
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(1) Tungsten-Iridium Thermocouple

Tungsten-Iridium thermocouples are capable of.-
satisfactory performance in the temperature range of 30000 to 4000°F.
They have good repeatability characteristics and an accuracy on the order
of *-576. The only significant drawback is their relative instability in the
presence of oxygen. With proper insulation and protection, these thermo-
couples can be designed to function for lengthy periods. Temperature re- 6- .
sponse of 2000' in a few seconds have been obtained with the bare thermo-
couple. Insulation from oxidative atmosphere will reduce the response
time somewhat.

Protection of the thermocouple from oxidation
and corrosion may be accomplished in several ways. The usual methods
include gas tight metallic or ceramic wells or tubes. An ideal method
would be to make the thermocouple an integral part of the surface material
and located just below the surface in order to minimize response time.
Another method would be to locate the thermocouple in a groove and cover
it with a thin sheet of surface material. Available ceramic bonding cements
are good to 2000 0 F. Another method of attachment makes use of a small
disk of the skin material as one half of the thermocouple junction. The disk
is electrically insulated from the vehicle by a ceramic insulator.

(2) Thin Film Resistance Thermometer m

Thin film resistance thermometers are well suited
for monitoring temperatures at critical structural regions because of their
rapid response (on the order of microseconds), size (in the order of 1/10
micron thick), and sensitivity (temperature fluctuations of less than IPF).
They are about 75 times more sensitive than thermocouples and their sansi-
tivity can be varied by varying the energizing current in the film. Further,
they are easier to install than the thermocouple and do not require a reference
junction or reference temperature mneasurement.

Resistance thermometers constructed of platinum
paint on a glass insulator have given satisfactory performance in the tempera-
ture range of Z00* to 300 0 F (Ref. 253). The main problem in the use of thin
film resistance thermometers is that of providing a suitable bond between the
insulator and the surface to be measured.

253 Vidal, Robert J. , "A Resistance Thermometer for Transient Surface
Measurements," Cornell Aeronautical Laboratory, Inc., presented at the ARS
Meeting, September 24-26, 1956, Buffalo, New York.
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b. Pressure Measurement

(1) Dynamic Pressure Loading (Ref. 254)

The impact pressure transducer offers an attiac-

tive means for monitoring surface pressures on a hyper-velocity re-entry
vehicle. The diaphragm of this transducer is an integral part of the vehicle's"- .
surface and it is capable of sensing impact pressures to several hundred psi. ?..

In the application and fabrication of this transducer,
a surface hole is located at the point where the pressure is to be measured.
A tailored plug is inserted in the hole and plated simultaneously with the rest
of the surface, except for a thin annular ring around the outside edge of the
plug's end. In this manner, a rigid-center fixed-edge diaphragm is produced
and a mechanically stiff combination results in small surface deflections with
corresponding deformations distributed over the entire plug area. Deflections
are on the order of microinches. A piezoelectroci crystal may be attached to
the diaphragm for sensing the deflection; however, this has the undesirable re-
quiremnent for a high shunt resistance which necessitates the use of an elec- .
trometer tube which is subject to the effects of shock and vibration.

(2) Internal-Pressure Transducer

The detection of small leak rates on the order of

0. 005 psi/sec (0. 254 mm 14g/sec) may be a realistic requirement in some
re-entry and space vehicles. The Haven's Cyclic Pressure Gage (Ref. 255) is
attractive for this purpose because it is rugged, has a small volume, and
covers the range from atmospheric pressure down to less than 10-5 mm Hg.

The gage works on the principle that an ac signal can
be obtained from a dc pressure transducer by cyclically changing the pressure
at a given frequency. The ac signal amplitude is primarily a function of pres-
sure alone, The gage contains two bellows which are each open to the pressure
to be measured through a small hole (approximately 0. 5 mm diameter). They
are physically driven in a push-pull manner by an eccentric shaft attached to
a small electric motor. Resistance wires within the bellows are used as

Z54 Wrathall, Taft, "Measuring Inmipact Pressures of Re-entering Missile

Nose Cones," ISA Journal, Vol. 5, No. 1], November 1958.

Z55 A Study of Flight Instrumentation for Vehicles Operating in the Fringe
of, or Outside of the Earth's Atmosphere, Vol. IV, "Investigation of Sensing
Techniques," Bell Aircraft Report No. 6009-001, WADC TN 59-567, Vol. IV,

Part III.
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sensing elements. Because the air flow to and from the bellows is restricte"'1,

by the small holes, the pumping action of the bellows causes the gas to give ,

up heat under compression, and to take in heat when it expands. These tem-

perature variations of the gas cause corresponding changes in resistance of

the sensing elements within the bellows to create an ac signal. The tempera-

ture change of the gas (and resistance elements) is a function of the mass of

the gas and hence of the pressure.

c. Vibration Measurement

-' Vibration caused by boundary layer and power plant noise

can be best monitored by piezoelectric vibration transducers. Frequencies

up to 4000 cps demand an instrument which has a natural frequency of at least

10 kc. Transducers are available with sensitivities up to 50 rnv/g. Frequency %70

response from one cps to 15 kc is typical of commercially available units. By

use of high-temperature materials, the piezoelectric transducer is capable of

operating continuously at temperatures up to about 500'F. The temperature

range may be extended by use of cooling methods, such as water jackets.

d. Acoustic Noise Measurement

The condenser microphone is well suited for the measurement

of acoustic noise in high=specd vchicles where very high temperatures are en-

countered. Condenser microphones work on the principle of conversion of

mechanical to electrical energy via an electrostatic field. One such transducer

is constructed of stainless steel and glass compounds. The diaphragm is a

clamped glass plate whose thickness varies from 0. 004 to 0. 013 inch, depending

on the required sensitivity.

Temperature limitations of condenser microphones

are imposed by the physical properties of cable insulation. Long-time expo-

sure may be limited to approtimately 300°F. For use at high temperatures,

a probe tube may be threaded onto the end of the microphone to provide a point

source pickup. By using a heat shield between the source and the microphone ,,

it has been possible to operate at temperatures as high as 1400* F. Higher

temperature operation may be possible through use of a water jacket surrounding

the probe tube.

Due to the high impedance of condenser microphones,

it is necessary to use an impedance transformer device, such as a cathode

follower. Other associated equipment includes an amplifier and a power sup-

ply.
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NASA PHOTO NO.
61-S3-1 (Delta 6)

Fig.3-9 5-3 (Delta 6) Satellite

Upper left: The Delta is more than 40 miles high und 90 miles downrange when the
second stage fires. Forty seconds later explosive bolts tear away the fairings which
enclose the S-3 satellite,

Upper iight: After coasting to about 1300 miles downrange and reaching an altitude
of 160 mles, explosive bolts and retro rockets separate the second stage, and the
third stage is spun up and fired.

Lower left; Yo-yo weights despin the third stage and S-3 satellite, and exhrust
gases di-sipate, during a 24 -minute coast after third stag ý L -nout, which occurs
almost 2000 miles from Cape Canaveral when the engine and S-3 are traveling at
a velocity of more than 24,000 miles per hour.

Lower right: The four solar paddles are released when an explosive-actuated cutter " -

severs a nylon lanyard after the coast period. The Delta's third stage is separated
from the S-3 by explosive bolts and a spring mechanism.
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3-6 SATELLITES AND SPACEPROBES

a. General

The following material pertaining to instrumentation

and data telemetering from space vehicles is presented as examples
of present and future requirements which will be imposed on the
scientist and engineer.

From statistics prepared by NASA (Ref. Z56) a list of
United Staces and Russian satellites, lunar probes, and space
probes during period 1957 to June 1960 is presented; and where
known, an indication of their payload instrumentation function is " -

stated. See Table 3-5. 'wz

Table 3-6 lists minimum instrumentation requirements

for a manned orbital type space vehicle. (Ref. 257). For initial
flight tests, the instrumentation system should provide useful and

detailed information concerning:

1. The mechanical, aerodynamic, and thermodynamic integrity

of the vehicle.

2. The operatioa of the control, guidance and navigation
systems.

3. Environmental factors related to humnan existence
and performance.

4. The psychological and physiological functions of the
pilot (passenger),

As the program progresses and many orbital flights with
successful returns are 'nade, the -ftnctioij. of the instrumentation of

tne vei~icie will change. Accumulating engineering, physiological,

and psychological data will, for the greater part, be changed to
monitoring the integrity of the space vehicle and the well-being cf
m-an. As basic infcrnma.tion is gained and new problems are encountered,

new instrumentation requirements will be added. For some time to come,
however, each trip or orbit can be considered a new expiuration.

256 iNASA Authorization for Fiscal Year 1962, Part 2

257 Ellis, A. B. , "An Airborne Data Collection, T'lernetering

and Ground Data Processing System for Development

Flight Test of an Orbital Type Space Vehicle. "Natio" al

Teleinetering Conference, 1960_
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NASA PHOTO No.6 1 -M-Scout-4

* ~F9.3-10 This is on artist's conception of the Mercury-Scout I satellite built to testProject Mercury's world-wide tracking network. The cigar-sfhaped vehicle containstransmitting and receiving equipment similar to that used in Mercury spacecraft.
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Table 3-5 United States and Russian Satellites Lunar Probes and Space Probes, 1957 to June 1960,
(obtained from statistics prepared by the National Aeronautics and Space Administration)

Name Type Scientific Instrumentation Results
Weight Experiments
In lbs.

Sputnik I Russian Satellite 184 Internal temperatures, pressures,
and other data.

Sputnik II Russian Satellite 1120 Cosmic rays; solar ultraviolet The available acceler-
and X-radiation; test animal ationof this satellite led "-
"/Laika" (dog); temperatures: to the discovery of signifi-
pressures. cant solar influence on"

upper atmosphere densities

Vanguard United States 3. 25 Micrometeor impact and geodetic Vehicle lost thrust after

(test veli-- Satellite measurements. 2 secs. and was consumed

cle 3) in flames.

E:-plorer I United States i8. 13 Cosmic rays; micrometeorites: Explorer I is credited with
Satellite (a) microphone; (b) gages; what is probably the most

temperatures: internal, rear skin, important satellite dis-
front skin, and nose cone, covery of the International

Geophysical 'Year; i. e., a
radiation belt around the

Earth identified by Dr.
Janmes A. Van Allen, head
of the University of Iowa -.
Physics Department.

Vanguard United States Same as Vanguard (test vehicle 3) After a successful liftoff
(test vehi- Satellite an-' 57 eec. ef flight, a
cle 3 backup) connection between units

of 1st stage C" ntrol syttein

failed to function.

Explorer IT United States 18. 83 Cosmic ray count; rricroneteor Last stage failed to ignite.
Satellite impact count; cosmic ray Vehicle did not achieve

measurement. orbit.

Vanguard I United States 3.25 Temperatures and geodetic T ufSatellite measuremaents. The ,solar-powered radio • -'

should transmnit indefinite-
ly. The satellite is being
used for more exact %% "

determination of the EarthI's
-shape. '1

Explorer III United btates 18.56 Cosmic rays with tape-recorder Explorer yielded vu-iable "..

Satellite feature; micronieteor gages: ata on the radiation belt
teinperalurcs, (a) skin and (b) cisco..ered by Explorer I
ilte, nat. as well as data on micro-

meteor impacts (density
of cosmic d ist) and intcreal -

end external temipe ratore
of tie sat-l:ite.

Vanguard Ulnited States Z 1. 5 Measure X-radiation from the Couipoiienit malfunction

(test vehi- Satellite suc. caused failure and Zd and
cle 5) 3d stages inmpacted 1, 500

miles from... launch site.
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lable 3-5 -- Continued

Name Type Scientific Instrumetation IResults
Weight Experiments
In lbs.

Sputnik III Russian Satellite 2, 925 Atmospheric pressure and
conipos ition; concentration ofa
positive ions; satellite's elec-
trical charge and tension of
earth electrostatic field; tension
of earth's magnetic field; intensi-
ty of sun's corpuscular radiation;
composition and variations of
primary cosmic radiation; distri-
bution of photons andheavy nuclei .

in cosmic rays; micrometeors;
temperature measurements.

Vanguard United States 21.5 Solar lyyman-Alpha radiation Malfunction causedl failure.
vehicle 1 Satellite and space environment. 3d stage of satciiit, reached
(no name) peak altitude uf 2 200 miles - -

and traveled 7, 500 rniles.3
from Cape Canaveral. lay d-

ing near cast coast oi Union -
of South Africi.

Vanguard United States 21.5 Measurements of X-radiation Second st;tgs motor cut oil
(S,V2) Satellite from the sun. preniaturclo due to low
(no name) Ehanib,:n" pressure and

termInated the fi,-ht.

Explorer IV United States 25.8 Two Geiger-Mueller counters Valuable data on radiatio!
Satellite and 2 scintillation counters to belts was o.cqcired.

measure corpus cular radiation
at several intensity levels. The
subcarrier oscillator was cali-

tore mneasurem~ents. k

No name Untied States 25 Measurements of radiation Engine faqure i. lst stage "1
l.unar probe in space; magnetic fields of caused vehicle blow up 77

Earth and Moon; density of sccord, atft-r launch.
micrometeoric matter;

internal temperatures;

electronic scanner.

IJ.'plorer V United States 25.8 Measurement of corpuscular Orbit was urt dchi. ed,

Satellite radiation at several intensity flight time: fih9 seconds.

levels.

Vanguard United States 21.5 Two Infrared photocells to scan It is believed tu have n:l t0e
(SLV 3) Satellite earth's cloud cover. 1 complete orbit of Earth

before ariling back and burning
up over Africa.

Pioneer I United States 39 Measurements of radiation First ousorsatioc that radia-
Lunar probe in space; magnetic fields Of tion is a baod. Mapped total

Earth and Moon; density of ionizing flux. Jst ob-ervatiun"
micrometeor matter; internal of hydromagnetic oscillatjons
temperatures; electronic of nmagnl.tic field (A Earth.
scanner. Discoveredt d..rlu e of &

magnetic field f"om ileojrelical
predictiui. tat determination
of the denie2.ty of rnicromnteors

in interpl-e itzryr cpzAce. 1st
l'easourcntents ot Lhe lint rc-'

planetar,,, magnetic. field.
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Table 3-5-- Gontinued

Name Type Scientific Instrumentation RCsu
t

6s
Weight Experiments
In lbs.

Beacon U.:ited States 9. 26 Ejection of sphere from payload Part ol th,' cluster, includ- *.

Inflatable package; sphere itself would be ing payload, separated fromn

Satellite used to study atmospheric density the booster prior to booster
at various levels during lifetime burnout.
of about 2 weeks.

Pioneer I1 United States 34. 3 Total ionizing radiation; cosmic 3d stage failed to ignite.

-unar probe ray flux; magnetic fields of Earth Evidence that equatorial
and Moon; density of micrometeoric region about Earth has
matter; internal temperatures; higher flux and hibor '.

electronic scanner. energy radiation than
previously considered.
[Suggestion that mnicrometeor

density is higher around
larth than iný space.

Pioneer III United States 1Z.95 Mes.sarcment of radiation in Discovered 2d radiation
Space probe space. belt around Earth.

Project United Statcu 150 Twin packages of radio trans- 1st time a human voice has

Score (Atlas) Satellite mittirig, secording, and receiving been beamed from outer
apparatus, each weighing 35 lbs. space.

Lounik or Ruscia 3, 245 li,-tran,ents to measure tempera- In orbit around Sun on 15-

Meehta Space probe tu.e and pi'essur'e .;nsi.d -,ehicie; I-o. cycle,
(Dream) ii strumencs to study gas corn-

ponents . f interplanetary matter
apd corpuscular radiation of the
3wi; :••agnetic fields of Earth Moor;
rn:Ž.teoric particbes in space; heavy

"nuclei in primary ccsmic radiation .4m

anid other properties of cosmic
rays.

Vanguard II binled bSates 20. 5 Cloud cove . In general the satellite, and .- \

Satelirte its instrumentation function-
ed as planned. thowever,
interpretation of cloud cover
data has been difficult be-
cause satellite developed
a wobbling (precessing)
rn otion.

Discoverer I United Sta.tes 245 Chock out propulsion, guod- Difficulty in stabilization
Satllite arnce, sJtagIng. conimniuni.catia.ns, caused tumbling which

hampered consistent track-
ing acquisition.

Pioneer IV United Siat:.s 13.40 Measurem-Ent o;f radiation in Probe achieved its primary "
Satellite s pacc. 'lest photoclectri,: .,eetor mission, an Earth-Moon

in vicinity" of Moor. trajectory, yielded excellent
radiation data and provided

a vatuable tracking exercise.
While the probe reached the

vicinity of the Moon, it did

(/00, 000 miles) to trigger
ptkotocloctric sensor or

samipte Mourns martiaiiorr.
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Table 3-5--Conti...d *
Name Type Scientific listrtiin.."tation

Weight Experiments lResu Its

In Ils.

Dis coverer United States 1, 610 To reecovcr capsule; maintain All equipin elt worked ais
SSatellite temperature and oxygen sufficient progra..med excepl tinier 4

to sustain life; emulsion packs to which ejeeted ,11apsule.'. "---

measure radiation. Capsule, 'Which l0 aimil'I'd

radiation cm olsi , p ks".. .

is ot . .... i funl..i.

Vanguard United States 23. 3 Vanguard 3A contained a precise Id stage failed 1t o...- ,te

2 Satellites n1agiietonmeter to be used to nap prope rly which , .i'. I a-

Earth's magnectic field. Vanguard tumbling miotion. Playload
313 was to measure drag in space. aiid 3d stage I-I1 -lo

Allanti, Ocean.'

Discoverer United States 440 Measo' em eni of cosmic radiatimi , Tracking statiois did iot
III Satellite and bonmedical cvi ronm ental research, receive tceltinetry f1o0 .

nose cone re- amd capsule recovery teclhniques satellite; doubtful it
entry capsule. by C- 119 aircraft patroling achbitevl orbIt.

recovery area.

Vanguard United States 22.5 Mlesasrturments of solar-eartb A faulty 3cl stage pressure
(S1,V-6) Satellite heating process which goncr~tcs valve caused failure, and it

weather. plunged into Atlantic Oceaii

sir.. 30t. .i.lea n -theast
of Atlantic Missile Range.

Discoverer United States 1, 700 Capsule contained telemetry Failed to achieve orbit.
IV Satellite and equipment to measure its Insufficieut velocity caused

nose cone re- performance failure to orbit.

entry capsule..

Explorer United States 91.5 Mvieasurements of (1) earth's Vehicle was destro]yed by

Satellite radiation balance, (Z) Lynman- range safety officer after
alpha X-rays, (3) heavy primary 1; 1/2 sees. wheii it tilted

cos,,mic rays, (4) micro.metet rites, sharply.

(5) cosmic rays, (61 satellite

tenperature, and (7) erosion study-

of exposed solar (silicon) cell on

outside of satellite.

Explorer VI United States 14Z (1) i-easarement of 3 specific Valuable data transiitted

Satellite radiation levels of Eartlh radiation on distribution of dust"
boll; (2) TV-like scanning device to particles and coeentcrationi "V -

relay cloud cover picture; (3) solar of low-ene. rgy particles.
cells (8, 000 in all; 1, 000 on each

side of 4 paddles) to create voltage

to recharge the sateliita 's chemnical

batteries in flight (electronic gear
in satellite includes 3 t cr. .itte,-rs

and 2 receivers); (4) micrormieteor-

ite detector; (5) 2 types of magne-

tonmeter to mnap Earth's niagmeitic

field; (6) 4 experimnents to stud)y

behavior of radio waves, all aiimied
at Icy niniiig om ore about deep space
Communications.

Discoverer United States I, 700 Same as Discoverer IV. -3atellitc went into orbit, all ., ,
V Satellite and '-quiilpmlit working as liero-

nose cone re- grarmed. loewever, recmltry

cntR-' .:apsule. capsule was not -cc oveterd

due to cnalfulictiumi following
its ejc ktiuil fl olo, satellite-.

-S
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Table 
3
-5--Continued

Name Type Scientific Instrumentation Results
Weight Experiments

In lbs.

Beacon United States 25.8 Inflatable satellite of Mylar Payload failed to achieve
Satellite plastic film and aluminum foil. orbit due to premature fuel

Satellite itself contains no depletion in booster and
instrumentation. ýnalfunction in attitude con-

trol system for upper stages.

Discoverer United States 1, 700 Same as Discoverer IV. Same as Discoverer V.

VI Satellite and
nose cone re-
entry capsule.

"Lunik II" Russia: 858. 4 Instruments to measure tempera- 58. 4-lb. lunar probe hit

Lunar probe ture and pressure inside vehicle; surface of the Moon at
instruments to study magnetic 5:02:24 p. ni. e. d. t 1 rmin.
fields of Earth and Moon; rnetoric 24 sec. later than predicted
particles in space; heavy nucleii by Russia scientists.

in primary cosmic radiation and
other properties of cosmic rays.

Transit I-A United States 265 Transmitters: (a) 54 inc .; (b) Satellite failed to achieve

Satellite 162 mc. ; (c) 216 rue.; all at 100 orbit, the 3d stage did not

rMw. fire.

Vanguard Ill United Slates 50 Measurements of earth's mnag- Provided comprehensive

(SI.V-7) Satellite netic field, solar X-rays, and survey of Earth's magnetic
environmental conditions in fields over area covered;
space. detailed location of lower

edge of Van Allen Radiation
Belt; accurate count of
nrllomlleteors. ,

Lunik III Russia 614 Two cameras, developing When satellite was about

translunar mechanism and automatic devices 40, 000 miles from Moon's 'N

earth satellite for triggering cameras, develop- surface, the cameras were
ing processes and transmission triggered. Tht&y produced
picl,1res to earth. Also automatic photographs of high precision

temperature control mechanismr. showing 70 percent of Moon's-"-

Other experiments not disclosed. backside. Cameras were
operated on Oct. 7, 1959,

for 40 ruins. Pictures were
transmitted to Earth shortly
before reaching perigee on
Oct. 18, 1959. Z.

Explorer VII United States 91.5 Radiation balance; lynman-alpha Provided significant geo-
Satellite X-ray; heavy primary cosmic ray; physical inforiat:on on 6L-

micromreteorite; cosmic ray; radiation and magnetic

exposed solar cell; temperature storms; demonstrated
iiieasurcemcnts, muethod Of controlling""

internal teripe ratures;

first iimicroineteorite pene-
tration of a sensor ini flight;
detection of lI. rg.- scale
A eathi cr patterns,

Discoverer United States 1,700 San e ats Discoverer IV. Satellite went into orbit,

VIli Satellite and however, reentry capsule2nose cone re- was :iol releanied due to
entry capskic.le, allfunction oh electrical

system and possý le lac•l -

of stabilization.
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Table 
3

-5--Continued

Name Type Scientific Instrumentation Result
Weight Experiments
In lbs.

Discoverer United States 1,700 Same as Discoverer IV. Satellite went into orbit, L. ,
VIIi (AR PA) new'ver, although reentry

capsule was ejected it was
not recovered and search

was abandoned.

Pioneer United States 372 To obtain basic measurements Malfunction in Znd stage
Lunar probe of the lunar en..sronine nt. (1) guidance started failure

Measurements of 3 specific energy and satellite did not go into - 0
levels of cosmic rays; (2) TV-like orbit.
scanning device to relay lunar sur-
face picture; (3) solar cells (8, 800
in all; 1, ZOO on each side of 4 solar
vanes to create voltage to recharge
the probe's chemical batteries in
flight (Note. Electronic gear in
probe includes 2 transm:tters and %
Z receivers); (4) micrometeorite
detector; (5) 2 types of magneto-
meter; (6) radio wave experiments.

Discoverer United States 1,700 Launching technique, propulsion, Vehicle rose from pad as ." -

IX Satellite and communications, orbital per- programed, Telemetry was
nose cone re- formance, recovery techniques, lost soon afterward. Radar
entry capsule. and advanced engineering tests. showed that the Discoverer

failed to achieve orbital
velocity and fell back to
Earth, %

Discoverer Same as San-e as Discoverer IX. Vehicle rose from pad as
A DI n wcuv er. i IA I v l±d4,i~t�I L i,• u t i~ f

course at Z0, 000 ft. and
headed for nearby seacoast -

cities. Range safety officer I
destroyed vehicle 52 sec. "
after launch.

Midas United States 4, 500 Payload: Infrared, telemetry, It is presumed that 2d stage

(Missile Air Force communications, and other separationi did not occur and
Defense advanced engineering test equip- the vehicle burned up upon

Alarm nrent. Experiments: To estab- reentering the atmosphere
System) I lish workability of the Atlas - about 2, 500 miles downrange

Agena comnbination, launch from Gape Canaveral.
procedure, -nd tracking and
conAmunications svstemns. The
Midas program is designed to
detect heat radiating from the Ar ;
exhaust of ballistic missilos and
to feed detections into the air
defense warning neta

Pioneer V United States 40 Mission: To provide information Many "firsts" in long range
(1960 Alpha) space probe about space betwc2n the orbits of connmunications, gauged

Venus end Earth; to test the feasi- solar flare effects, particle
bility of long-range intorplanetar-'- energies and distribution,
type corninunications; and to ini- and rnagnietic field plhenomneiia
prove irtthods for measuring in interplanetary space.
astronorrical distances. Rxperi-
ne..its: Measuri•..enits uf radiation,
magnetic fields, 11nicroructe, oruid

activity, and temperatures. '4
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Table 3-5 Continued ,__ _"_-

Name Type Si itiil istruieiitatioc iesults -,

Weight Ex.,per,•.ents
n ibns.

Explorer United States 12. 19 Nlissiolz: To analvze til energies Ground stations lost ,

Satellite of electron aid protoin rad;atioji .I.i .. i...ieati....s with th Ze.

in the Van Allen Radiatioii oones, vehicle after 2d stage

Experiiinets: Detailed .. asure- burnout.
ilicnts of energetic plarticlis il tie

Van Alleni Radiation Zones .u.d of
teniperatures inside and outside

the payload.

Tires (Tele- United States Z70 Experimlents: Z IV systeiis-1 Because of an apparently

vision and meteorological wide angle, I narrow angle, imoperative relay, inier-

infra-lied satellite photograph cloud cover and tl'eos- rogation was ceased Jule

Observation mat images to Earth, Other 28, 1960, after- reception
Satellite) I instrunieniis: Telert etrv, co-timand, of Z2, 952 highly sucCessfnl1

(1960 Beta) and aii attitude sensor sys tent. cloud cover photographs.tls

Tr ansit I-B United States 265 Satellite instruments: (a) 2 ultra- In. orbit April 13, 1960. "
(1960 Garnma) Navy satellite stable oscillators (radio frequency with estimated life of 16

generators) in temperature- Imoniths.
resistant Dewar flasks. Each
oscillator can transmit oien 2
frequencies. (b) Infrared scanner
to *e isore satellite's rotation.
(c) Z receivers. (d) 2 telemeter-
ing gathering and sending devices.

Experiment: To doterminie the
feasibility of and improve equip-
roent for pi oviding a global all-

weather navigation system that is
more reliable than systeinms now i.'
use under any weather conditions.
Ouch a sys.tem woul eliauie ships

and aircraft to locate precisely
their positions on earth regardIless " - - -

of weather.

Discoverer XI United States 1, 700 Same as Discoverer IX except that Zd stage easnig with capsule
(1960 Delta) Satellite and about 10 lbs. of instrum .nit s were went into Polar orbit.

nose cone re- installed in the 2d stage casing Capsule was ejected. The
entry capsule. (satellite) for a tracking experi- capsule was not observed as L

ment connected with the Transit descending iito the recovery
develUplnteiit progranl. The 'I ransit area, aiid recovery was not

instruinieit package consists of a attempted.-
Doppler beacon and external lights
for optical tracking by IBaker-Nunniii
cainermaa of the Srnithlsoniai Astron-
physical Observatory. (See T'ra.nst
1-B. ) Discoverer prograni

objecties are to gather data on

satellites and their behavior, on"
stabilizatioi of a satellite ie orbit, - - -

and on techniques of recove ring
objectives that have golle into orbit.

Echo United States Z40 Telemetry l, camon in 3d stage; Did not achieve orbit due ito

casimg desigited to follow sphire apparu'lt mnalfuction iin th,

into orbit. Op ratiiig at 108. 06 attitude controls on 2d stagc
in , continuou1 s fir 6 to 10 days Imitd foilore 'of 

3
,1 stage tc, ,- -

(est.) at 60 row; powered by rce'ive ignitiom s.gmial.
Mercury battcrica; designmcd as - . ,

passive corimnmiiiiieatiomms satellite - .

with allmiuim oatinmg to pidovde

radio \vave reflet tivity of 98 per- I ,
cenit up1 to frequeimcie,-s of 20, 000 --.
iti C. "."
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